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The objective of this research work was to investigate whether high pressure processing 
(HPP) could qualify as an alternative to the conventional thermal treatment of soymilk based 
on its effects on some nutritional and quality aspects. 
Thermal and pressure inactivation of lipoxygenase, ~i-glucosidase and trypsin inhibitors 
(Kunitz, KTI, and Bowman-Birk, BBI) in buffer solutions was described by a first order 
kinetic model. ~3-Glucosidase was more thermostable than lipoxygenase (55-65°C), but less 
pressure stable (450 and 500 MPa). While at 95 and 100°C KTI was more thermolabile than 
BBI, at 120°C their inactivation rate constants were similar. BBI was more pressure stable 
than KTI at d00-.800 MPa and 75°C. The differences in stability of the enzymes and 
inhibitors may be ..attributed to their different disulfide bonds content. The enzymes behavior 
under thermal and HPP treatments differed due to different mechanisms of action of 
temperature and pressure on proteins. 
Raw soymilk was pressurized at 100-700 MPa and room temperature for 10 min. Above 
400 MPa, ~i-glucosidase was more pressure stable than lipoxygenase. Pressure alone did not 
inactivate the inhibitors and combined pressure/temperature (75 °C) treatments had to be 
applied. After soymilk was heated at 120°C for 10 min, the total trypsin inhibitory activity 
was 11 %and that of BBI was 22%, suggesting that most of the activity left was due to BBI. 
The behavior of enzymes and inhibitors in soymilk and in buffer was different due to 
differences in environmental factors. 
Neither change in color nor in rheological properties of pressurized soymilk was 
observed. Native electrophoresis showed changes in proteins at > 300 MPa, suggesting 
V11 
dissociation into subunits and aggregation. Pressure denaturation occurred at 200 MPa for ~i- 
conglycinin and 3 00 MPa for glycinin. 
When soymilk was pressurized at 75°C, there was a shift in the distribution of 
isoflavones from 6"-O-malonylglucosides towards ~3-glucosides, which was related to the 
effect,of adiabatic heating. HPP of soaked soybeans increased the total isoflavone 
concentration of soymilk by 19% at 700 MPa. However, 6"-O-malonylglucosides and ~i-
glucosides decreased at 3 00 MPa. The decrease in aglucons content at ? 400 MPa might be 
related to the decrease in protein extractability. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
.Soybeans are a valuable, economic source of high quality protein and oil. Their use in 
human diet in Western countries, however, has been hindered due to their unfamiliar flavor, 
characterized as beany. Although they have some antinutritional factors, such as trypsin 
inhibitors, a whole body of research suggests that several components, including soy 
proteins, isoflavones, and saponins, may have beneficial health effects (Messina, 2000; 
Friedman and Brandon, 2001). The nutritional health claim approved by the Food and Drug 
Administration (FDA) in 1999 that consumption of soy protein as part of a healthy diet may 
.help reduce the risk of cardiovascular disease has greatly contributed to the increasing 
consumption of soy-based foods in the U.S. 
Soy-based drinks were the top growing food category in 2004 among 59 countries (AC 
Nielsen, 2004). Soymilk is a beverage made from the water extract of soybeans. 
Conventional processing methods of Soymilk involve heating to extend the shelf life, destroy 
the antinutritional factors and improve flavor. It has been shown that the heat inactivation of 
the trypsin inhibitors parallels the nutritive value improvement of soy protein. Heating also 
improves soymilk flavor through the inactivation of lipoxygenases. However, thermal 
processing often produces a number of undesirable changes in foods such as in color, flavor, 
and functionality. Extreme heating can have negative effects on protein solubility and water 
absorption characteristics, but mildly heat-treated soy products have strong off-flavors. 
Whereas only harsh thermal treatment can affect the isoflavone content of soy foods, their 
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profile can be modified with mild heating (Farmakalidis and Murphy, 1985; Murphy et al., 
2002}. 
There is currently a growing consumer demand for fresh-like high-quality products with 
an extended shelf life, which are minimally processed and additive free. High pressure 
processing. (HPP) is a non thermal food processing technique that has been proposed as an 
alternative to thermal treatment to respond to this consumer demand. HPP can inactivate 
microorganisms as well as food quality related enzymes (Hoover et al., 1989; Seyderhelm et 
al., 1996; Indrawati et al., 1999; Van den Broeck et al., 2000), while retaining most of the 
sensory and nutritional attributes of foods (Indrawati et al., 2002). In addition, pressure can 
modify the functional properties of components such as proteins, which in turn can lead to 
the development of new products. HPP have found several applications including the 
treatment of fruit-based products like juices and j ams, yogurts, avocado paste, some deli 
meats, and oysters. 
Several studies have investigated the impact of HPP on soy protein isolate (Molina et al., 
2001; Puppo et al., 2004) but there is no clear understanding of the potential effects of HPP 
on soymilk. Because the available literature indicates that HPP affects mainly non-covalent 
interactions while leaving covalent bonds intact, it can be expected that pressurized soymilk 
properties will be different from those ofthermal-treated soymilk. 
The general goal of this work was to investigate whether high pressure could qualify as 
an alternative to conventional thermal processing of soymilk based on its effects on some 
nutritional and quality related aspects. For this purpose, three research questions were 
addressed. Firstly, can HPP affect the activity of soymilk enzymes and enzyme inhibitors? 
Secondly, how do soy proteins respond to pressure, and how does this affect the appearance 
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of soymilk? Finally, are the soymilk isoflavone content. and distribution altered with 
pressure, and can pressurization of soybeans increase isoflavone extractability? 
Thesis organization 
This thesis is written in a standard format. Chapter 1 contains the statement of the 
problem including ~ the objectives of this work, and a survey of literature presenting the 
current knowledge in this area of study. Chapter 2 explains the materials and methods used 
in this investigation. Chapter 3 presents the results and discussion. The overall research 
work is divided into three studies, which are presented separately. A general conclusion 
follows in Chapter 4. References are all cited together at the end of the manuscript.. The 
results of the .second study were orally presented in the Institute of Food Technologists 
meeting at the Non-thermal Processing Division session in July 2005. 
Literature review 
Soybeans .and soy foods consumption and trends 
The soybean (Glycine fnax L.) is native to Eastern Asia, where it has been grown as a 
crop for thousands of years and still plays a significant role in the popular diet (Endres, 
2001). Even though it was introduced to North America in the 18th century, commercial 
processing of the seed in the U.S. did not occur until the early 1900s, when the value of its oil 
and protein for food and feed was recognized (Smith and Circle, 1978; Liu, 2004a). 
Soybean is a commodity of unique characteristics. With an average of 40% protein and 
20% oil in dry basis, soybean has the highest protein content among. cereals and other legume 
4 
species, and the second highest oil content among all food legumes (Liu, 2004a; Estrada- 
Giron et al., 2005). These protein and oil components are high in quality as well. Soybean 
oil contains a high proportion of essential fatty acids for humans (i.e. linoleic .and linolenic 
acids); while soy protein carries all the essential amino acids in quantities that- closely match 
those required by humans or animals (Liu, 2004a). Besides, the cost of production is low. 
Thus, soybeans, being one of the most economical and nutritious foods, have emerged as a 
potential solution to world hunger with increasing worldwide production and a growing focus 
on research in the food industry. Moreover, advances in technology have resulted in soy 
ingredients that can perform many functions in foods such as emulsification, binding, and 
texture (Endres, 2001). Although the incorporation of soy ingredients into foods is 
somewhat hindered by their characteristic off-flavors, they are gaining importance because of 
their nutraceutical components (i.e. isoflavones), which have been shown to prevent the risk 
of several diseases. 
Currently, the U.S. is the major producer of soybeans in the world, followed by Brazil, 
Argentina, and China. In 2004, soybean production in the U. S . showed a 25 % increase 
compared to 1994 with almost 86 million metric tons produced, representing 40% of the 
world production (Soy Stats, 2005). Of the global soybean trade, the U.S. exported 48% as 
whole soybeans, soybean meal, and soybean oil (Golbitz, 2004a; Soy Stats 2005). 
In the soyfoods market, the U.S. is one of the fastest growing in the food industry, with 
soymilk, soy yogurt, and soy-based energy bars showing the highest rates (Golbitz, 2004b). 
AC Nielsen (2004) reported that soy-based drinks showed. the fastest growth in 2004 among 
89 food categories monitored in 59 countries, experiencing a growth of over 30% compared 
to 2003. Japan and -the U.S. showed the largest sales value for this category, with sales up by 
71%and 17%, respectively. Although soymilk is a maturing category in the U.S., Soyatech 
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projects that the market will double by 2010 (Jordan, 2004). One of the key trends identified 
that appears to have driven this growth is the continuous focus on health, which began in 
1999 when the Food, and Drug Administration (FDA) approved the claim that "diets low in 
saturated fat and cholesterol that include 25 grams of soy protein a day may reduce the risk 
of heart disease" (Henkel, 2000). Furthermore, other health-promoting effects, such as 
anticancer and antioxidant, have been demonstrated for soy components and many studies 
are ongoing to discover the role of soyfoods in preventing and treating chronic diseases 
(Messina, 2002; Liu, 2004b). 
Soy storage proteins 
Soybean proteins are the main nutritional component of the seed. Of the total seed 
protein, .approximately 90% corresponds to salt-soluble globulins and the remainder is water-
soluble albumins (Nielsen, 1985; Utsumi et al., 1997). The globulins are storage compounds 
synthesized during seed development and stored in protein bodies (Liu, 2004a). 
The water extract of soy proteins shows four major fractions after ultracentrifugation with 
sedimentation values of 2S, 7 S, 11 S, and 15 S, representing approximately 20, 3 0, 3 0, and 
10% of the seed protein, respectively (Nielsen, 1985). The 2S fraction contains both the 
Kunitz and the Bowman-Birk protease inhibitors, and cytochrome c. The 7S fraction 
includes a-, ~i-, and y-conclycinins, with ~-congycinin accounting for more than 50% of the 
total protein. Some other components may also be present in this fraction, such as lectin, 
lipoxygenase, and (3-amylase. The 11 S fraction contains glycinin and has been suggested to 
aggregate into the 15 S fraction. 
Due to their predominance in the seed, ~i-conglycinin (7S globulin) and .glycinin (11 S 
globulin) have been the focus of most of the work done on soybean proteins. ~-conglycinin 
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is a trimer with molecular weight between 150 and 190 kDa (Utsumi et a1., 1997). The three 
predominant constituent subunits are a', a, and ~i, with molecular masses of 57, 57, and 42 
kDa, respectively, as reported by Thanh and Shibasaki (1976). One minor subunit close in 
size to the ~3 subunit has been .identified as y (Thanh and Shibasaki, 1977). The varying 
combinations of these subunits give rise to a heterogeneous class of proteins that have been 
shown to be glycosylated with mannose and glucosamine (Thanh and Shibasaki, 1976). 
Glycinin is a large oligomeric protein of 300-380 kDa, composed of a pair of identical 
face-to-face hexamers (Kinsella et al., 1985; Utsumi et al., 1997). Each subunit of the 
hexamer is formed by an acidic polypeptide (acidic pI) with molecular mass of ~ 3 5 kDa 
linked through a disulfide bond to a basic polypeptide (basic pI due to extensive amidation) 
with molecular mass of ~ 20 kDa. There is also extensive disulfide linking _within the 
subunits (Kinsella et a1., 1985). Five constituent subunits of glycinin have been identified as: 
AlaB2, AlbBlb~ A2Bla, A3B4, and ASA4B3 (Nielsen, 1985). Unlike j3-conglycinin, glycinin is 
not glycosylated. 
Besides being important from a nutritional point of view, these two major globulins are 
the main contributors to the functional properties of soy ingredients. Processing can cause 
changes not only to .their nutritional quality, but also to their physicochemical properties 
leading to changes in their interaction with other food components and, eventually, their 
applicability and acceptance of the food product. 
Biologically active soy components 
This section will provide a brief overview of enzymes and enzyme inhibitors related to 




Protease inhibitors are widely distributed in plant seeds, particularly in legumes (Birk, 
2003). Soybeans contain two main types of water soluble protease inhibitors: the Kunitz 
trypsin inhibitor (KTI) and the Bowman-Birk inhibitor (BBI) (DiPietro and Liener, 1989a; 
McNiven et al., 1992), collectively named as TI (trypsin inhibitors). These inhibitory 
proteins are synthesized de novo during development of the seed and deposited in the 
cotyledons, the storage tissues of legumes (Jiao et al., 1992). 
Kunitz's soybean trypsin inhibitor was the first plant protease inhibitor to be isolated and 
characterized (Birk, 2003). KTI, with a molecular weight of ~ 20 kDa, consists of 181 amino 
acid residues. and includes 2 disulfide bridges that are solvent-exposed (Tetenbaum and 
Miller, 2001; Birk, 2003). The Arg 64-Ile 65 bond that is cleaved by trypsin lies within one 
of these disulfide .bonds, which is therefore essential for activity (Smith and Circle, 1978). 
The inhibitor has an overall structure of a sphere consisting. predominantly of antiparallel ~3-
strands largely stabilized by hydrophobic side chains (DiPietro and Liener, 1989a; 
Tetenbaum and Miller, 2001; Birk, 2003). KTI inhibits trypsin strongly. Trypsins of various 
species have been shown to be inhibited by KTI, including human, bovine, avian, and fish. 
The Bowman-Birk inhibitor from soybeans is the prototype for a family of inhibitors that 
are predominant in legume seeds. BBI has a molecular weight of about 8 kDa and a high 
content of cysteins forming 7 disulfide bonds (Birk, 1985; DiPietro and Liener, 1989a), 
which contribute 14 of the 71 amino acids in the protein chain. This monomeric inhibitor, 
which showed tendency to self-associate, strongly inhibits both trypsin and chymotrypsin at 
two independent sites of inhibition. BBI inhibits human, bovine, porcine, dog and avian 
trypsin and chymotrypsin. It can form a complex with either trypsin or chymotrypsin at a 1:1 
enzyme-inhibitor ratio, and a ternary complex with both enzymes (Seidl and Liener, 1972; 
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Birk, 1985). The trypsin-BBI complex is devoid of tryptic activity and fails to inhibit 
trypsin, while the chymotrypsin-BBI complex does not inhibit chymotrypsin, but inhibits 
trypsin. 
While KTI is inactivated by gastric juice (Birk, 2003) and believed to be more heat labile 
(DiPietro and Liener, 1989b), BBI is resistant to several proteolytic enzymes and stable 
towards denaturation by heat (Hogle and Liener, 1973). BBI conformation is also stable 
even after disulfide bonds are broken, as demonstrated by Wu and Sessa (1994). They 
showed that there was no significant change in conformation after BBI was heated at 80°C 
for 1 h in phosphate buffer and that the same treatment conducted in the presence of sodium 
metabisulfite resulted in a change in secondary structure that was rather small in magnitude. 
However, they did not determine the activity of the inhibitor after treatment. To this respect, 
Hogle and Liener (1973) reported that the antitryptic and antichymotryptic activities of BBI 
were completely lost upon reduction of an average of four out of the seven disulfide bonds. 
Because of their abundance in valuable foods (e.g., legumes, peanuts, cereal grains, 
potatoes, fruits and vegetables, eggs) and their ability to inhibit the digestive proteases of 
humans and domesticated animals, the soybean inhibitors have long been known as 
antinutrients. When trypsin and chymotrypsin are bound and inactivated by the inhibitors, 
exogenous dietary protein absorption declines. Raw soybeans fed to rats were shown to have 
pancreatic hypertrophic effect, which is related to the trypsin inhibitory site of the inhibitors. 
This enlargement of the pancreas was also observed in mice, hens, chicks (Anderson- 
Hafermann et al., 1992), and turkeys (Mian and Garlick, 1995). Formation of the trypsin-
inhibitor complexes causes a fall in the free trypsin concentration altering its feedback 
inhibition of pancreatic secretion, which triggers production of cholecystokinin from the 
intestinal mucosa into the circulation stimulating the pancreas to secrete additional pancreatic 
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enzymes (Tan-Wilson and Wilson, 1986; Friedman et al., 1991). The chronic oversecretion 
of cholecystokinin leads to the pancreas enlargement and susceptibility to carcinogens. 
Some growth inhibition is observed partially due to the loss in the feces of pancreatic 
enzymes, which have a high content of sulfur amino acids, and the decrease in efficiency of 
digestion of dietary proteins (Liener, 1994). 
Response to the inhibitors may differ due to differences between animal species. 
Ingestion of raw soybean meal or soybean TI by pigs, dogs, calves, monkeys, and, 
presumably, humans, does not cause pancreas hypertrophy (Gallaher and Schneeman, 1984). 
The data obtained from studies with different animal species suggests that there is a direct 
relationship between the size of the pancreas and the sensitivity of response to ingested 
inhibitors: when the pancreas size exceeded 0.3% of body weight it became hypertrophic, 
whereas when the size was below 0.3%there was no hypertrophic effect (Birk, 2003). Since 
human pancreas represents ~ 0.1 % of body weight, it would not be sensitive to the trypsin 
inhibitors. 
Although soybean products are usually heated during processing to minimize the adverse 
effects, moist thermal treatment does not fully inactivate the inhibitors and residual amounts 
remain in the product. Some commercially available soyfoods contain 5 to 20% of the TI 
activity of raw soy flour. Reports on the TI activity in soymilk show a decrease of 50 
(DiPietro and Liener, 1989a) to 87% (Miyagi et al., 1997) compared to the activity found in 
soybeans. This variability is not surprising since heating conditions can vary greatly among 
different products/brands. Table 1 _shows the protease inhibitors content of some commercial 
soy products and ingredients. While Liener (1994) warned that excessive heat treatment and 
processing should be avoided in order to prevent damage to the nutritional quality of the 
proteins, Hackler et al. (1965) recommended that at least. 90% of the initial trypsin inhibitor 
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activity be removed in order to achieve maximal nutritional value. However, this 
recommendation was made based on a study conducted with rats, which have a higher 
requirement for sulfur-containing amino acids than humans. According to Liener (1994), the 
residual TI activity should not be a matter of concern for the general population, but could be 
a problem for infants consuming soy-based formula and for those who use legumes as meat 
replacement for an extended period of time, such as vegetarians and some people with 
hyp ercho 1 e steno 1 emi a. 
Table 1. Kunitz and Bowman-Birk inhibitors content of soy products 
Product KTI (µg/mg)° BBI (µg/mg)b Ratio KTIBBI 
Flour 1.1-19.6 <0.2-4.9 2.6-7.8 
Concentrate <0.5-6.1 <0.2-1.0 2.3-5.9 
Isolate <0.5-3.6 0.3-2.0 0.5-8.1 
Textured Soy Protein 1 0.5 2 
Dehydrated Formula <0.2 <0.1 -
Dehydrated Soymilk 11.3 1.9 6.1 
Source: DiPietro and Liener (1989a). 
a KTI content was measured by rocket immunoelectrophoresis. 
b BBI content was measured by chymotrypsin inhibition. 
On the other hand, findings on the involvement of protease inhibitors in prevention of 
tumorgenesis suggest a positive contribution to the nutritional value of soybeans. Evidence 
for an anticarcinogenic effect of BBI has been obtained in vitro and in vivo systems 
(Kennedy, 1998a; Kennedy and Wang, 2002). Studies with purified BBI and BBI-enriched 
soybean extracts have shown suppression of different types of carcinogenesis in several 
tissues (colon, liver, lung, esophagus) of different species (mice, rats, hamsters), even when 
several different routes of administration were used (Kennedy, 1998b). Unlike the effects of 
protease inhibitors on rat pancreas, which are triggered by the trypsin inhibitory activity, this 
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capacity of BBI to inhibit carcinogenesis is associated with the ability to inhibit 
chymotrypsin. However, the precise mechanisms by which protease inhibitors suppress 
carcinogenesis are unknown. One possible mode of action includes effects on the activities 
of certain proteolytic enzymes (Kennedy, 1998a). Friedman and Brandon (2001) reported 
that. BBI _suppresses the production of superoxide anion free radicals, which decreases the 
oxidative damage. It is believed that ~ 40% of BBI is taken up from the gastrointestinal tract 
and transported to the organs where it results in cancer prevention (Kennedy, 1998a). 
Although the trypsin and chymotrypsin inhibitors constitute a small part of the seed 
protein (2.5-6.0%), 30 to 40% of the cystine in soybeans is associated with them (Brandon 
and Friedman, 2002; Kwok et al., 2002). Therefore, these inhibitors contribute to the 
nutritional. quality of soybeans by supplementing the low amount of sulfur-containing amino 
acids in .the- storage protein (Tan-Wilson and wilson, 1986). 
In conclusion, the different potential effects of these protease inhibitors in humans raise 
the concern about what processing method is or would be the best to maximize the benefits 
and attenuate the negative aspects of these compounds in the manufacture of soy products 
and ingredients. 
Lipoxygenase 
Lipoxygenases (LOXs, linoleate: oxygen oxidoreductase, EC 1.13.11.12) constitute a 
large family of non-heme iron containing proteins, which are ubiquitous in plants, fungi, and 
animals (Siedow, 1991; Brash, 1999; Gardner, 2003). LOXs catalyze, as a primary reaction, 
the dioxygenation of polyunsaturated lipids that contain a cis, cis-1,4-pentadiene moiety, such 
as linoleic, linolenic, and arachidonic acids, to form the corresponding hydroperoxides with a 
cis,. tans-conjugated diene system (Eskin et al., 1977; Axelrod et al., 1981). These 
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hydroperoxides can be further degraded, either enzymically or spontaneously, producing a 
range of carbonyl compounds (Eskin et al., 1977). 
Most plant LOXs oxidize linoleic and linolenic acids regiospecifically at either the w6 
(C-13) or c~10 (C-9) position with (S)-stereospecificity (Figure 1; Boyington et al., 1993; 
Gardner, 2003). Generally, those LOXs having high pH optima around 9 are characterized 
by the formation of large amounts of 13-hydroperoxides. These enzymes belong to the type- 
I group of LOXs. Those with optima at neutral or low pH (~ 5) that mainly afford w 10 
oxidation or both types of oxidation, are the type-II LOXs (Kumar et al., 2003). 
~~~ 
Figure 1. Primary reaction catalyzed by lipoxygenase using linoleic acid (cis, cis-9,12-
octadecadienoic acid) as substrate indicating the two possible reaction products. 
Source: Siedow (1991). 
Soybean seeds are the richest known source of LOXs containing normally three 
isozymes, LOX-1, -2, and -3 (Axelrod et al., 1981; Gardner, 2003), which are generally 
found in the cytoplasm around the protein bodies of storage parenchyma (Gardner, 2003). 
Soybean LOX-1 is part of the type-I family, while LOX-2 and LOX-3 are both type-II LOXs 
(Kumar et a1., 2003). It has been reported that isozymes 1 and 3 are the most abundant in 
mature soybeans (Robinson et al., 1995; Malvezzi-Campeggi et al., 2001). 
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Soybean LOX-1, with a molecular weight of 94 kDa (Shibata et al., 1987; Chikere et al., 
2001), has been thoroughly characterized because of its abundance and possibility of 
isolation in crystalline form (Minor et al., 1996; Brash, 1999). The three dimensional 
structure of the protein consists of an N-terminal (3-barrel domain and a larger C-terminal 
domain which contains anon-heme iron in the active site and shows predominantly a-helix 
structure (Boyington et al., 1993; Minor et al., 1996; Chikere et al., 2001). The enzyme is 
characterized as a monomeric protein composed of 83 9 amino acid residues (Shibata et al., 
1987; Ludikhuyze et al., 1998a; Chikere et a1., 2001). The iron atom serves to cycle 
electrons and is complexed by three histidine residues, one asparagine, and the carboxylic 
group of an isoleucine at the C-terminus of the protein. The binding of a water molecule has 
also been reported (Ludikhuyze et al., 1998a; Brash, 1999). The coordinated iron faces two 
large internal cavities which may serve as paths for the movement of molecular oxygen and 
fatty acids from and to the exterior (Boyington et al., 1993; Robinson et al., 1995). 
Several studies have reported the presence of cysteine as well as cystine in LOX- l . 
However, Spaapen et al. (1980) have demonstrated conclusively that only cysteine, and not 
cystine, is present in soybean LOX-1 structure. For cysteine, values between 3 and 7 
residues have been suggested. While Spaapen et al. (1980) determined 5 free sulfhydryl 
groups to be present, Shibata et al. (1987) found only 4. 
Although LOX has been used to improve dough characteristics (i.e. elasticity and 
whiteness) in bread making (Gardner, 2003), the enzyme is often considered to be 
detrimental to foods. Firstly, LOX destroys the essential fatty acids linoleic and linolenic 
(Eskin et al., 1977). Secondly, the primarily formed hydroperoxides can be further degraded, 
both enzymatically and chemically, resulting in the formation of volatile compounds such as 
aldehydes, ketones, and alcohols with development of off-flavors (Robinson et al., 1995; 
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Gardner, 2003). These reactions take place instantly whenever the beans are ground and 
exposed to moisture. In soy products, the undesirable flavors are generally characterized as 
beany, grassy, painty and bitter (Savage et al., 1995; Wilson, 1996), and represent a major 
quality concern that has limited the use of soyfoods in the Western world. Hexanal has been 
reported as the main responsible compound for the green-bean-like flavor of defatted soy 
flour due to its extremely low flavor threshold (Fujimaki et al., 1965). Finally, the 
hydroperoxides and their products of decomposition can cause deterioration of proteins or 
amino acids through formation of covalent bonds (Gardner, 1979). LOX activity is also 
known to cause bleaching of carotenoids and chlorophyll, and oxidation of ascorbic acid by 
the process of co-oxidation by free radicals (Robinson et al., 1995; Gardner, 2003). 
Generally, in raw foods LOX operates in cooperation with other enzymes to form further 
products from polyunsaturated fatty acids (Gardner, 2003). In plants, hydroperoxide lyase, 
one of the cytochrome P450 enzymes, cleaves 13-hydroperoxides into C-6 aldehydes and a 
C-12 oxoacid, producing rancid-green (hexanal) and grassy (3 cis-hexenal) odors. 
Soybean varieties lacking some or all of the LOX isozymes have been developed in an 
attempt to eliminate the off-flavors. Torres-Penaranda et al. (1998) reported less cooked 
beany aroma and flavor and less astringency for soymilk made from lipoxygenase-null 
soybean varieties compared to that prepared from normal soybeans. However, the removal 
of LOXs from the seeds may have some disadvantages since enzyme active soy flours are 
usually used as bleaching or conditioning agents. Besides, a blander flavor may result in 




(3-Glucosidase ((3-D-glucoside glucohydrolase, EC 3.2.1.21) catalyzes the hydrolysis of 
the O-linked (3-glycosidic bond between two glycone residues (e.g., cellobiose and other (3- 
linked oligosaccharides) or that between glucose and an aryl or alkyl aglycone (e.g., many 
naturally occurring. substrates in plants) (Figure 2; Esen, 1993). 
~: ~ , Genisten 
Figure 2. Reaction catalyzed by (3-glucosidase. 
Adapted from Hsieh and Graham (2001). 
(3-Glucosidases are ubiquitous in the living world and almost all of them have subunit 
molecular weights between 55 and 65 kDa, which is consistent with the determined 
polypeptide lengths ranging from 447 to 527 amino acids, depending on the source of the 
enzyme (Esen, 1993). Their catalytically active form is generally a homodimer of ~ 120 
kDa. They have acidic pH optima, between 5 and 6 (Esen, 2003). Although (3-glucosidases 
from different sources may have different physiological glucosidic substrates with different 
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non-carbohydrate moieties, they show remarkable similarity in substrate specificity for 
glycone (glucose) and some non-physiological aglycones (e.g., nitrophenols). (3- 
Glucosidases of dicotyledonous plants, such as soybeans and almonds, have been shown to 
be glycosylated and, thus, have estimated monomeric molecular weights 3-5 kDa larger than 
those calculated from sequences of mature polypeptide chains (Esen, 1993). They are 
localized at the cell wall or protein bodies. Almond (3-glucosidase (emulsin) is probably the 
glucosidase most used in kinetic studies because of its long history, ease of isolation in large 
quantities, commercial availability and simplicity of its assay (Conn, 1993; He and Withers, 
1997). 
Despite the wide distribution of (3-glucosidases in plants, little is known about the 
characteristics of soybean (3-glucosidases. Nevertheless, the important role of (3-glucosidase 
in changing isoflavone distribution in soy foods is well documented. 
A (3-glucosidase from soybean roots was purified by Hsieh and Graham (2001). They 
suggested that the enzyme is most likely a dimer with potential subunits of 80 and 75 kDa 
linked through a disulfide bond. They found an optimum pH for the enzyme at 6.0 with 
optimum temperature at 30°C, both typical of (3-glucosidases. Matsuura and Obata (1993) 
partially purified from soybeans three isoforms of the enzyme (A, B, and C). For (3- 
glucosidases B and C, they reported molecular weights to be approximately 52 kDa each and 
optimum conditions at 45°C and pH 5.0. When the enzymes were added to soymilk, they 
hydrolyzed the soybean isoflavone glucosides daidzin and genistin, the latter being more 
easily affected. This effect on isoflavones had been reported earlier by Matsuura et al. 
(19:89), who attributed the increase in the amounts of genistein (the aglucon of genistin) and 
daidzein (the aglucon of dadzin) during the soaking of soybeans to the action of (3-
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glucosidase. Murphy (1982) also reported a similar finding after the solvation step in the 
preparation of tofu and soy isolate, with increases in the amount of genistein. 
Several studies have identified daidzein and genistein as responsible for the objectionable 
astringent flavor of soybeans (Huang et al., 1981; Matsuura et al., 1989; Carrao-Panizzi et al., 
1999). However, Mahfuz et al. (2004) investigated the effect of isoflavones on soymilk and 
tofu sensorial characteristics and found no correlation between astringent flavor and 
isoflavone content. Consequently, it is not safe yet to draw any conclusion on the flavor of 
these phytochemicals and, therefore, on the role that (3-glucosidase might play on the 
astringency of soy based products. 
Isoflavones 
Although several biologically active components exist in soybeans, including phytic acid, 
phenolic acids, saponins, oligosaccharides, protease inhibitors, lnolenic acid and protein, it is 
the presence of isoflavones that is mainly responsible for the increasing interest in soy. 
Isoflavones are a class of flavonoid compounds that have some weak estrogenic activity 
due to bearing some structure similarity to estrogens and, therefore, are sometimes classified 
as phytoestrogens (Messina, 2002; Liu, 2004c). whereas flavonoids are found in various 
plant families, isoflavones are present in nutritionally relevant amounts only in soybeans 
(Messina, 2002). There are three types of isoflavones in soybeans that can be found in four 
chemical forms. Genistein, daidzein, and glycitein are the aglycones or free forms; while 
genistin, daidzin, and glycitin are the glycones or 7-0-(3-glucoside forms. These glucosides 
can also be either acetyl or malonylconjugated. In the acetylglucoside form, they are named 
6"-O-acetylgenistin, 6"-O-acetyldaidzin, and 6"-O-acetylglycitin. The malonylglucosides are 
6"-O-malonylgenistin, 6"-O-malonyldaidzin, and 6"-O-malonylglycitin (Figure 3). Although 

















Glucosides Rl R2 R3
Genistin H OH H 
Glycitin OCH3 H H 
Daidzin H H H 
Malonylgenistin H OH COCH2COOH 
Malonylglycitin OCH3 H COCH2COOH 
Malonyldaidzin H H COCH2COOH 
Acetylgenistin H OH COCH3
Acetylglycitin OCH3 H COCH3
Acetyldaidzin H H COCH3
Figure 3. Isoflavone.structures. 
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variety, growing location, and crop year (Wang and Murphy, 1994b; Liu, 2004c), typically 
more genistein and daidzein than glycitein exist in whole soybeans on a molar basis (Coward 
et al., 1993; Murphy et al., 1999; Messina, 2002). Wang and Murphy (1994b) analyzed by 
high performance liquid chromatography (HPLC) several varieties of American soybeans 
grown in three different years at different locations and reported variations in the total 
isoflavone content between 1.2 and 4.2 mg/g. They found that the prevalence of isomers in 
all varieties was in the order malonylglucoside > j3-glucoside > aglucon > acetylglucoside, 
with 6"-O-malonylgenistin, genistin, 6"-O-malonyldaidzin, and daidzin being the dominant 
isoflavones in the grains. The major isomers in whole Vinton 81 soybeans, a tofu variety of 
large seed size with high protein content, were 6"-O-malonylgenistin and 6"-O- 
n~.alonyldaidzin (Wand and Murphy, 1994a). In soybean products, the content of isoflavones 
varies from .approximately 0.1 to 3.0 mg/g dry weight (Murphy, 1982; Coward et al., 1993; 
Setchell, 1998). The highest levels are found in high-protein-containing soyfoods, as it 
appears that isoflavones are associated with the soluble soy proteins (Wang and Murphy, 
1994a). 
Research has revealed many possible health benefits associated with the consumption of 
isoflavones, including lowering cholesterol levels, preventing prostate and breast cancers and 
bone loss, and alleviating menopausal symptoms (Messina, 2000; Friedman and Brandon, 
2001; Liu, 2004c). Even though Xu et al. (2000) suggested that the amounts of isoflavone 
glucosides and aglycones in soy foods do not affect isoflavones absorption and 
bioavailability, astudy by Coward et al. (1996) showed that the composition of the 
isoflavone glucoside conjugates can affect the rate of absorption and possibly the degree of 
further metabolism. They measured the plasma genistein and daidzein concentrations 6.5 h 
after consumption of isolated soy .protein beverage in women and found lower values than 
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those reported for the consumption of a soymilk powder drink. They suggested that as the 
isoflavones in soymilk are almost entirely J3-glucosides they can be readily hydrolyzed by j3-
glucosidases. In contrast, the high proportion of 6"-O-malonylglucosides and 6"-O- 
acetylglucosides in the isolate product makes enzymic hydrolysis more difficult. Hendrick 
and Murphy (2001) suggested that the bioavailability of isoflavones in humans is affected by 
the gut microfloral ~i-glucosidases. Since isoflavone glucosides, which are abundant in soy-
based foods, have not been detected in human blood plasma and urine, they must be 
converted to aglucons before absorption. Considering that the gut microflora can be different 
among individuals, the isoflavone distribution may have dietary significance. As ~-
glucosidases can be very sensitive to molecular structure, the profile can also affect their rate 
of hydrolysis. Ismail and Hayes (2005) showed that Esche~ichia coli and almond ~i-
glucosidases were not effective in hydrolyzing the conjugated glucosides to their respective 
aglycones. Hence, how processing affects isoflavone content and distribution pattern is of 
interest. 
It is known that heat processing, enzymic hydrolysis, _and fermentation significantly alter 
the isomer distribution of the isoflavone components in soy foods. Also dilution with non-
soy ingredients affects isoflavone content of commercial products (Coward et al., 1993; 
Wang and Murphy, 1994a). In soybeans and non-fermented soy foods (soymilk, tofu, soy 
nuts, soy powder, soy protein concentrate and soy flour), isoflavones are present primarily as 
R-glucosides esterified with malonic or acetic acid; whereas in fermented soy products, such 
as tempeh and miso, due to microorganism-induced fermentation and hydrolysis, more of the 
isoflavones are present in the aglycone form (Coward et al., 1993; Messina, 2002). 
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Soymilk processing 
Soymilk is the beverage obtained from the aqueous extraction of soybeans and is 
considered a good nutritional alternative for people with lactose intolerance. It is also the 
intermediate product for the production of tofu (Wilson, 1995). 
Soybeans used in soymilk manufacture are preferably high-protein, clear- or yellow- 
hilum, and large-seed grains. The basic chemical composition of soymilk is: 94.0% 
.moisture, 3.0% protein, 1.0% fat, 1.0% soluble carbohydrates, and 0.3% ash (Wilson, 1995). 
Traditionally, soymilk is prepared by soaking the seeds in water overnight (8-12 h; 10:1 
water to beans ratio on weight basis), draining and grinding them into a slurry with the 
addition of fresh water, and ~ ltering through a cloth or nylon bag to remove the insoluble 
fibrous residue, okara, before cooking at 93 -100°C for 3 0 min (Smith and Circle, 1978; 
Kwok and Niranjan, 1995; Wilson, 1995). This traditional Chinese method differs from the 
Japanese in that the later heats the slurry before filtering. The thermal step reduces the 
microbial load increasing the shelf life of the milk, but the beany flavor and odor, even 
though acceptable to some Asians, is still quite objectionable to most Westerners. As a result 
of the efforts made to eliminate the off-flavors caused by LOX and to improve nutritional 
quality through increased protein recovery and inactivation of antinutritional factors, such as 
TI, several other methods exist for the preparation of soymilk. 
Briefly, the Cornell method (or hot grind process) grinds soybeans with hot water to yield 
a product with improved flavor due to the early inactivation of LOX reached within 10 min 
when the soybeans are wet ground at 80-100°C (Wilkens et al., 1967). In the Illinois 
process, as summarized by Kwok and Niranjan (1995), soybeans are soaked and blanched in 
NaHCO3 before grinding with water to make a solid content of 12%. Homogenization is 
used instead of filtration or centrifugation. The result is a .bland-flavored soymilk with a 
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more digestible protein content. Rapid hydration hydrothermal cooking (RHHTC) is the 
process in which a slurry in hot water of soybeans ground into flour is subj ected to direct 
steam infusion at 154°C for 3 0 s before centrifugation. This method, developed by Johnson 
et al. (1981), produces not only better flavor than the traditional method, but also high yields 
of solids and proteins and adequate TI inactivation. 
Commercial soymilks usually receive an additional thermal treatment to extend the shelf 
life. Pasteurization (75 °C for 15 s), commercial sterilization in tin cans or glass bottles 
(121 °C for 15 -20 min), and ultra high temperature (UHT) processing (13 5-15 0°C for a few 
seconds) are the three types of treatment applied. UHT processing can be carried out either 
indirectly in heat_ exchangers or directly by steam injection and infusion before the soymilk is 
aseptically packaged. While sterilized and UHT soymilks are shelf stable, pasteurized 
soymilk requires refrigeration. Even more shelf stable soymilk can be obtained by roller or 
spray drying it into a dry p owder. 
Obviously, thermal treatment plays a fundamental role in soymilk processing. However, 
careful control must be exercised when selecting the heating conditions since excessive heat 
can damage proteins affecting ,their functional properties and lead to destruction of amino 
acids and vitamins,: browning, and :development of cooked flavor. Both duration and 
temperature of cooking along with. the subsequent drying of the liquid product are crucial 
parameters that will impact nutritive value of soymilk (Hackler et al., 1965). 
Effects of heat treatment on soymilk components 
Proteins 
The nutritional value of soymilk is largely due to its proteins and, therefore, greatly 
affected by temperature. Proper heat treatment increases, protein digestibility. This is due to 
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denaturation and consequent opening of the structure of the protein molecules, increasing 
their accessibility to proteolytic enzymes. Also inactivation of biologically active factors, 
such as the trypsin inhibitors, contributes to this increased digestibility. Overheating, 
however, can decrease the nutritional quality of the proteins due to protein aggregation and 
increased resistance to enzymic digestion, and loss. of essential amino acids (Kwok et al., 
1998). while cysteine, already limiting in soy proteins, is destroyed, lysine becomes 
unavailable due to Maillard reaction between its ~-amino group and reducing sugars. 
Therefore, in soymilk processing it is necessary to find a balance between inactivation of 
antinutritional factors and destruction of nutrients. 
Hackler et al. (1965) evaluated in weanling rats the effect of heating soymilk at 93 and 
121 °C for several periods of time. They reported that if the optimum heating time at each 
temperature is applied, equally high quality protein can be obtained. After treatment at 93 °C 
for 1-6 h, no adverse effect was observed on the protein efficiency ratio (PER) and available 
lysine after 90% of the TI was inactivated. In contrast, at 121 °C the peak of nutritional 
quality was reached after 5 -10 min and further heating caused a decline in PER and available 
lysine. Van Buren et al. (1964) found that soymilk processed at 121 °C gave higher values of 
available lysine than soymilk processed at lower temperatures (93 °C). Similar results were 
reported by Kwok et al. (1998), but they explained that extensive heating at 120 and 140°C 
caused a drop in available lysine. Soymilk processed by RHHTC at 121-1.54°C has also been 
reported to have higher reactive lysine value and nutritional properties than that produced by 
traditional methods .(Kwok and Niranjan, 1995). 
Heat, depending on the intensity and duration of the treatment, can also rapidly 
insolubilize proteins and alter other functional properties such as emulsification, foaming, 
and gelling (Smith and Circle, 1.978). These properties will eventually influence not only the 
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quality of the soymilk, but also the characteristics of products such as tofu that are made 
from it. 
Differential scanning calorimetry (DSC) has been used in several works to study the 
denaturation temperature of proteins in soymilk (Liu et al., 2004; Zhang et al., 2004). ~i- 
Conglycinin was found to be denatured at ti 71 °C, while glycinin showed a denaturation 
temperature 20°C higher (92°C). Zhang et al. (2004) observed that the denaturation 
temperature increased with increasing soymilk protein content. The change in the 
electrophoretic patterns after heat treatment at 60-95 °C for 5 to 120 min indicated that soy 
proteins were dissociated into subunits and some of them aggregated. As it is already 
known, temperature can affect the reversible association and dissociation of ~i-conglycinin 
and. glycinin subunits (Kwok et al., 1999). After both the 7S and 11 S fractions are 
dissociated into subunits, further heating causes interaction between the dissociated subunits 
to form a soluble aggregate and, ultimately, an insoluble precipitate. However, as soy 
proteins are compactly folded, a high intensity of heat treatment is necessary to unfold the 
protein molecules completely (Kwok et al., 1999). 
Protease inhibitors 
Heating soymilk at temperatures below 100°C has shown that the TIs are rather heat 
stable and it takes a long time to reduce their activity to the 10% desired level suggested for 
maximum PER. Lei et al. (1981) reported that treatment of soymilk at 70-80°C is too mild to 
produce a satisfactory inhibition of the inhibitors within a reasonable period of time. Van 
Buren et al. (1964)_ showed that the time needed to inactivate 90% of the TI in soymilk varied 
from 30 to 75 min at 93 °C, and was lowered to 5-10 min at 121 °C. In agreement with these 
findings, Kwok et al. (1993) reported the same inactivation after 60 min at 93 °C. Johnson et 
al. (1980a) obtained 7.6% activity remaining after 60 .min::,and 99°C. At these elevated 
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temperatures applied for prolonged periods of time, along with TI inactivation, nutrients may 
be damaged and proteins insolubilized. Therefore, to minimize amino acid degradation while 
providing adequate inactivation of TI, high-temperature-short-time (HTST) heating processes 
have been used. 
With direct steam infusion in a laboratory jet cooker (RHHTC process), Johnson et al. 
(1980a) obtained 7.6% residual TI activity in soy flour slurries after treatments at 121, 143, 
and 154°C in 282, 100, and 40 s, respectively. According to these authors, the thermal 
inactivation of the trypsin inhibitors in soymilk does not follow a simple first-order kinetic, 
as demonstrated by the two different slopes observed in the semilogarithmic plots of TI 
activity versus treatment time. Johnson et al. (1980b) attributed the initial linear portion of 
the.. curve ~to the KTI, which is moderately heat stable, while the slower reaction was 
attributed to BBI. Consequently, the overall inactivation reaction kinetics of TI by HTST 
processing could be explained by the sum of two first order reactions with distinct rates. 
Boiling soymilk for 1 min, Rouhana et a1. (1996) confirmed the greater thermal stability of 
BBI. They obtained 40% residual activity of TI, of which 3 % corresponded to KTI while 
BBI was still close to 100%. With HTST treatment, they obtained energies of inactivation 
(Ea) of 24 and 102 kJ/mol for KTI and BBI, respectively. First-order rate constants (k) for 
the inactivation of KTI and BBI are shown in Table 2. Kwok et al. (1993) studied the effects 
of UHT on the destruction of TI activity in soymilk in an indirect heat exchanger. Holding 
times of 56 and 23 s were enough to achieve 90% inactivation at 143 and 154°C, 
respectively. Like the previous works, these authors found the initial heat inactivation 
kinetics of TI in soymilk in the temperature range 121-154°C to be first order down to a 
residual activity level of 10-20%. However, compared to the data obtained by Johnson et al. 
(1980a), this study resulted in higher inactivation rates as a result of the indirect heating 
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method, where Longer come up and cooling times contributed to the thermal inactivation as 
well. 
Table 2. First-order rate constants (k, s"1) for thermal inactivation of KTI and BBI " 
110°C 120°C 130°C 140°C 150°C 
KTI 0.01156 0.01428 0.01803 0.02049 0.02372 
BBI 0.00237 0.00569 0.01158 0.02204 0.05386 
Source: Rouhana et al. (1996). 
a KTI and BBI activities measured by indirect enzyme-linked immunosorbent assay (ELISA). 
Protease inhibitors are more sensitive to moist heat than to dry heat and this has been 
demonstrated by Baintner (1981) with soybean flour and soy flour extract. He also showed 
that .the heat-stable fraction remaining after treatment of the extract at 100°C for 10 min 
inhibited both. trypsin and chymotrypsin, suggesting that this fraction belonged to the BBI, 
which has a higher heat stability than KTI. 
The pH of soymilk plays an important role in determining the heat stability of the TI. 
Thus far, results correspond to experiments conducted at the normal pH of soymilk (6.5-6.7). 
Nevertheless, several studies have shown that the trypsin inhibitors are less heat stable when 
heated in alkaline solution (Johnson et al., 1980a; Lei et al., 1981; Kwok et al. 1993). The 
hydrolysis of the disulfide bonds at higher pH values may be responsible for this greater 
instability. At low pH (~ 2.0), however, the possibility of the presence of a heat stable 
fraction is evident since treatment at 93°C for 60 min produced only 65% inactivation, 
compared to 90% at the normal pH of soymilk (Lei et al., 1981). Kwok et a1. (1993) reported 
that the effect of pH at UHT temperatures (> 132°C) was less pronounced. 
Several studies aimed to determine whether the behavior of purified protease inhibitors 
was predictive of their behavior in a food matrix showed that they are less susceptible to 
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thermal inactivation in the purified form. DiPietro and Liener (1989b) used enzymatic and 
immunochemical methods to distinguish between soybean KTI and BBI. Purified BBI 
retained nearly 75% of its initial antichymotryptic activity after treatment at 100°C for 360 
min, while an extract prepared from raw defatted soy flour lost most of its chymotrypsin 
inhibitory activity after 180 min at the same temperature. They found a similar result for 
KTI at 100°C, with the purified form losing most of its antitryptic activity after 180 min 
compared to only 3 0 min for the soy extract. These results not only confirm the heat stability 
of pure BBI compared to KTI, but also ,suggest that some interaction of the inhibitors with 
other materials in the extract promotes their inactivation. For example, as shown with the 
addition of N-acetylcysteine (Friedman et al., 1982) or cysteine (Lei et al., 1981), the 
presence of free thiol groups available for disulfide bond interchange can aid in the 
inactivation. In addition, the, higher protein concentration in the soy extract could increase 
the possibility of noncovalent protein-protein interactions, which might lead to loss of 
inhibitor activity through denaturation and/or precipitation (DiPietro and Liener, 1989b). 
Similar findings were reported earlier by Ellenrieder et al. (1980), who found that the thermal 
stability of TI at 96°C for 15 min was increased when the aqueous suspensions and extracts 
of defatted soy and peanut flours were diluted. They reported that high molecular weight 
components, most likely proteins, separated from soybean extracts by gel filtration, 
accelerated thermal inactivation of TI. All these results provide evidence for the 
participation of other substances in the soy matrix in the thermal inactivation of the trypsin 
inhibitors. For this reason, studies. with purified solutions of the inhibitors may not be 
indicative of their behavior in a more complex food system. 
Moreover, DiPietro and Liener (1989b) showed that the heat stability of BBI and KTI 
was reversed under .the conditions prevailing in the toasting procedure of defatted soy flour. 
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They found the rates of inactivation to be 0.0194 and 0.0120 miri 1 for BBI and KTI, 
respectively, after treatment at 95°C. Thus, results obtained with products other than 
soymilk should not be extrapolated. 
Lipoxygenase 
.Heating has been long used as a mean to improve the flavor of soymilk through either the 
inactivation of LOX or the evaporation of the odorous volatile compounds .after they are 
formed. As discussed earlier in this review, hot grinding of unsoaked, dehulled soybeans at 
80-100°C for 10 min can be used to improve the beany, grassy flavor of soymilk. 
The inactivation of Lipoxygenase by heat can be accurately described by a first-order 
kinetic model, which allows inactivation rate constants (or k values) to be determined from 
the slope. of the semilogarithmic plot of activity retention as a function of time. 
Ludikhuyze et al. (1998b) reported that thermal inactivation of LOX-1 proceeded in the 
temperature range 60-70 °C. Table 3 shows the kinetic parameters obtained for their 
experiments. 
Table 3. Kinetic .parameters describing isothermal inactivation of soybean LOX, 0.4 mg/ml 
in 0.01 M Tris-HCl at pH 9 





Ea = 319 ± 27.3 kJ/mo l 
(2.02 ± 0.09a ) x 10-2
(4.94 ± 0.16) x 10-2
(9.18 ± 0.32) x 10-2






Source: Ludikhuyze et al. (1998b). 
a Standard error. 
Srinivasulu and Appu Rao (1995), however, obtained lower stability with a solution of 
purified soybean LOX-1 treated from 27 to 5 5 °C for 15 min. They reported the midpoint of 
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thermal inactivation (point at which the residual activity is 50%) to be 44°C, with complete 
inactivation at 55°C. A possible explanation for this difference in heat sensitivity can be the 
concentration of the enzyme used in every case. While Srinivasulu and Appu Rao (1995) 
prepared a 0.04 mg/ml solution of LOX, Ludikhuyze et al. (1998b) employed a concentration 
ten times higher. Proteins are known to be more resistant against heat and other denaturing 
agents in concentrated than in diluted solutions. Lopez and Burgos (1995) studied LOX 
inactivation in the temperature range 69-74°C and observed high temperature sensitivity with 
an activation energy value exceeding 500 kJ/mol. 
Inactivation of enzymes does not always entail denaturation. In the case of soybean 
LOX-1, both inactivation (measured spectrophotometrically) and denaturation (measured by 
band intensity in an electropherogram) at 60 to 66°C were found to follow first order kinetics 
(Ludikhuyze et al., 1998a). However, the energies of activation calculated according to the 
Arrhenius equation demonstrated that the k values for denaturation were less sensitive 
towards temperature changes than those for inactivation (Ea for denaturation = 307.3 kJ/mol; 
Ea for inactivation = 408.2 kJ/mol). These results indicate that only minor changes in the 
tertiary structure of the enzyme were responsible for the loss of activity. 
The relatively large activation energies obtained with LOX-1 indicate that its inactivation 
is very temperature dependent. Based on the data summarized here, it is expected that a 
heating process designed to inactivate the TI will also completely inactivate LOX. 
(3-Glucosidase 
Although limited data is available regarding the effects of temperature on soybean 
glucosidases, inactivation of plant. glycosidases is known to occur rapidly at temperatures 
above 50°C and be dependent on the medium pH (Gunata, 2003). The (3-glucosidase 
isoforms that Matsuura and Obata (1993) partially purified from soybean seeds were showed 
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to loose only 20% of their activity after treatment at 55°C for 5 min, but were almost 
completely inactivated at 60°C for 5 min. The ~-glucosidase from soybean roots purified by 
Hsieh and Graham (2001) was substantially active (87%) after treatment at 50°C for 45 min. 
Esen and Gungor (1993) studied the stability of almond ~i-glucosidase in different 
denaturant agents, including sodium dodecyl sulfate (SDS), and found that treatment without 
heating does not fully inactivate the enzyme. They suggested that almond ~3-glucosidase has 
a compact and rigid tertiary structure at or below room temperature that makes its 
hydrophobic core more inaccessible to denaturants which disrupt or weaken hydrophobic 
interactions. 
Isoflavones 
Among the 12 isoflavone compounds found in soybeans, the malonyl and acetyl 
glucosides are. the most affected by heat treatment. The malonyl compounds are heat labile 
readily converting to the more stable ~i-glycosides. Therefore, depending on the extent of 
processing of the soybeans, the relative proportions of these conjugates can vary 
considerably. 
Jackson et al. (2002) used HPLC analysis to study the changes in the isoflavone profile of 
raw soybeans as a result of processing into soymilk. The levels of aglucons, (3-glucosides, 
and acetyl glucosides increased, while the corresponding malonyl glucosides decreased. The 
aglycons daidzein and genistein increased by 12- and 23 -fold, respectively, due to the 
.soaking, heating, and hot grinding processes. This is in agreement with the study of wang 
and Murphy (1996) which showed that cooking of the soy slurry decreased malonyldaidzin 
and malonylgenistin and increased the aglycons daidzein, genistein, and glycitein and the 
glucosides daidzin and genistin. Concomitantly, acetyldaidzin and acetylgenistin were 
generated, probably from the decarboxylation of the corresponding malonyl derivatives. 
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Coward et al. (1998) evaluated the effects of cooking on isoflavones in different 
soyfoods. By HPLC analysis, they found that baking results in malonylglucosides converted 
to ~3-glucosides, whereas frying tends to transform the malonylglucosides into 
acetylglucosides. They suggested that dry heat, as in toasting of soy flour or extrusion in 
TVP, leads to the conversion of malonylglucosides to acetylglucosides, while moist heat 
tends to transform the malonylglucosides into ~-glucosides. As excessive heating was 
applied, an increase in aglycons and a decrease in total isoflavones were observed. 
The isoflavone content of different commercial soymilks was reported by Murphy et al. 
(1999). They found total isoflavone concentrations ranging from 80 to 165 µg/g (wet 
weight), as analyzed by HPLC. The aglycone concentrations were minimal, suggesting that 
negligible ~-glucosidase activity took place before the soymilks were thermally processed. 
Wang and Murphy (1994a) found that different commercial soymilk powders were different 
in isomer distribution as a result of different thermal processing. 
Vitamins 
Heat treatment is known to greatly affect the vitamin content of cow's milk. 
Nevertheless, published informat=ion about the effect of heat on soymilk vitamins is scarce. 
Some water-soluble vitamins such as thiamin, ascorbic acid, and pyridoxine may suffer 
losses due to heat treatment, but the extent of the thermal destruction will depend on the 
conditions of the treatment (Kwok et al., 1998). 
Effects of heat treatment on soymilk organoleptic characteristics 
Color 
Heat treatment is known to cause changes in the color of foods mainly due to the 
nonenzymatic browning or Maillard reaction. The measurement of browning can be useful 
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in evaluating the quality of soymilk because proteins participate in the reaction (Kwok et al., 
1999). Van Buren et al. (1964) measured the Hunter L value of soymilk processed at 93 and 
121 °C for various lengths of time in order to determine the degree of browning and estimate 
the protein damage. They reported that the Hunter L values decreased with increasing 
heating time indicating that browning of soymilk was induced by heat. Johnson et al. (1981) 
also evaluated the effect of direct steam-infusion cooking on chemical browning of soymilk 
at 99 to 154°C and pH 6.7 and 9.5. As process temperature increased, the rate of chemical 
browning also showed an increase, which was greater at pH 9.5 than 6.7. Soymilk could be 
processed at 154°C for 90s before browning equivalent to that obtained at 99°C for 60 min 
would occur. These authors explained that the color change in soymilk was due not only to 
heat, but also to the yield of solids in the soymilk fraction. 
Later work by Kwok et al. (1999) used the three CIELAB coordinates to indicate the 
characteristics of the brown pigments formed by heating soymilk over a wide range of 
temperatures (80-140°C) and times (0-180 min). The L value decreased following first order 
kinetics, while the a and b values increased following zero order kinetics. This indicates that 
the color of the soymilk shifted from a more green/blue color to a more red/yellow one. The 
researchers stated that both a and b values can serve as indicators of the browning reaction, 
but each one on its own does not give a complete characterization of the color change. The L 
value was a better indicator of the intensity of the pigment formed. 
Viscosity 
Consumer acceptance of most liquid and semisolid foods is greatly influenced by the 
viscosity of the product. It is known that viscosity changes resulting from heat treatments are 
related to heat-induced denaturation and subsequent aggregation of proteins. Liu et al. 
(2004) studied the influence of two step heating on the viscosity of soymilk samples. They 
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reported that the viscosity of samples heated at 75°C for 5 min first and then at 95°C for 
another 5 min resulted in a 140% increase in viscosity compared to soymilk heated only at 
95 °C for 10 min. They attributed this increase in viscosity to the selective denaturation of 
glycinin and ~i-conglycinin. 
Soy beverage prepared by the "Illinois" process showed a pseudoplastic flow behavior 
with thixotropic characteristics (regain of viscosity when flow is stopped) (Forster and 
Ferrier, 1979). When the solids content of the milk was increased, the apparent viscosity also 
increased and the flow behavior .index, n, decreased, which indicated greater deviation from 
Newtonian flow behavior. The increase in viscosity with solids content is due to increased 
interaction between-the hydrated protein molecules. Partial denaturation or heat-induced 
polymerization also increases viscosity through the increased water absorption and swelling. 
High pressure processing 
High pressure processing (HPP) is an emerging food processing technique where the 
product is subjected to pressures up to 900 MPa (~ 13 5,000 psi) through the surrounding 
water or other liquid used as the pressurizing medium. With increasing consumer demand 
for fresh-like, additive-free, shelf-stable food products with high nutritional and sensorial 
quality, interest in high pressure technology as a new and alternative unit operation in food 
processing and preservation is also growing and commercial pressurized products have 
become a reality. 
Brief. history of the development of high pressure processing 
The concept of high pressure as a food processing technique dates back to the end of the 
19th century, when Hite reported that the shelf life of raw milk could be extended by four 
days after treatment at 600 MPa during 1 h at room temperature (Hite, 1899). Some years 
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later, Bridgman's incidental discovery that the egg white could be coagulated by pressure 
initiated the work on the effects of high pressure on the physical properties of foods 
(Bridgman, 1914). Other early studies were reported on this technology, such as that of 
Timson and Short (1965), who studied the inactivation of microorganisms by high pressure 
in milk. It was not until the late 1980s, however, that a more extensive exploration of high 
pressure as a new tool in food technology started (Hayashi, 1989). As a result, commercial 
high pressure treated foods were introduced in Japan in the early 1990s; apple, strawberry, 
and pineapple j ams were the first available pressurized products in the world (de Heij et al., 
2003; Suzuki, 2003). In Europe, fruit juice was the first high pressure product in France 
followed by a pressurized delicatessen style ham in Spain (Indrawati et al., 2002). 
Nowadays, pressurized foods are also present in the United States retail market, including 
fruit smoothies, ready to eat meals with meat and vegetables, oysters, sliced ham, chicken 
strips, fruit juices, salsa and guacamole (Mermerlstein, 1998; Smelt, 1998; Sizer et al., 2002; 
de Heij et a1., 2003). The latter was the first high pressure processed food commercialized in 
the U. S . The European and Japanese markets also have j am, jellies, fish, salad dressing, rice 
cakes and yogurt. HPP is also used to separate the meat from lobsters, to shuck oysters 
(Montero and Gomez-Guillen, 2005), and to tenderize meat and soften fish muscle (Cheftel 
and Culioli, 1997). Most of the foods treated today with high pressure require refrigeration 
(Anstine, 2003). 
Advantages of high pressure processing 
High pressure processing offers maj or benefits to the food industry because it exerts 
antimicrobial effects and can inactivate enzymes involved in product spoilage with minimal 
or no adverse consequences. on the color, flavor, and vitamin content of foods. This retention 
of organoleptic and nutritive quality can be attributed. to_ the unique characteristic of high 
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pressure that directly affects non-covalent bonds (hydrogen, ionic, van der Waals and 
hydrophobic bonds) leaving covalent bonds intact (Hayashi, 1989). Moreover, high pressure 
enables the modification of the physical and functional properties of foods and requires less 
energy than thermal processing. It is therefore an alternative to the chemical, thermal or even 
radiation techniques with great potential for the preservation and functional modification of 
foods. In most applications, pre-packaged foods are treated, which avoid the post-treatment 
contamination that can occur with continuous and semicontinuous processes that require 
aseptic packaging. 
Equipment and operation 
High pressure equipment with processing conditions up to 600 MPa is currently available 
to the food industry. However, laboratory scale equipment capable of reaching pressures up 
to 1400 MPa is also available (Huppertz et al., 2002). 
The high pressure treatment can be applied in batch or semi-continuous systems. 
Conventional batch systems are used for pressurizing both liquid and solid pre-packaged 
foods, while semi-continuous processes are used only for fluids that can be pumped such as 
fruit juices (Indrawati et al., 2002; Anstine, 2003; Welti-Chanes et a1., 2005). 
Batch operations are generally carried on in a cylindrical vessel constructed of low-alloy 
steel of high tensile strength. The current designs for the vessel include forged steel 
constructed in one piece, multi layer vessels, and pre-stressed wire-wound vessels 
(Earnshaw, 1996; Huppertz et a1., 2002; Indrawati et al., 2002). The later are constructed by 
winding a spring steel around the vessel, which keeps it under compressive stress when. not 
pressurized. Pressurization of the unit relaxes the stress on the wire windings and avoids 
subjecting the vessel itself to any internal tensile stress. 
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Once the food product is vacuum packaged in a flexible container (pouch or bottle),. It is 
loaded in the vessel containing the pressurization fluid, usually potable water combined with 
mineral or vegetable oil for .lubrication, and the vessel is then closed (Cheftel and Culioli, 
1997; Welti-Chanes et al., 2005). Pressure is generated either using a pump or directly 
applied by pressurization of the liquid through a piston. After the desired pressure is 
reached, it is maintained for a specific period of time without the need for further energy 
input (Hayashi, 1989; Cheftel and Culioli, 1997). When the unit is decompressed, the 
processed product is removed and stored or distributed as usual. A schematic diagram of the 
high pressure equipment used in our studies is presented in Figure 4. 
The mechanical energy of the pressurization inside the vessel results in generation of 
heat, called adiabatic heat. The extent of this increase in temperature depends on the rate of 
pressurization, the food composition and the properties of the pressurizing medium. In the 
case of water, temperature is raised by approximately 3 °C for every 100 MPa of pressure 
(Cheftel and Culioli, 1997; Anstine, 2003). During the holding time, the temperature inside 
the vessel tends to equilibrate towards the surroundings and can be controlled if the vessel is 
jacketed. A temperature decrease of the same order of magnitude as during pressure build up 
takes place when pressure is released. 
General principles 
The effects that high pressure exerts on microbial inactivation, chemical or enzymatic 
reactions, and structural and/or functional properties of foods are based on two principles. 
Firstly, the Pascal's Law, according to which pressure acts instantaneously and uniformly 
(isostatic pressure) throughout the food (Smelt, 1998). This, unlike the situation prevailing in 
thermal treatments, allows the processing time to be independent of the product size and 




























Figure 4. Schematic representation of the high pressure equipment used in this research 
work. 
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food processing, water can be compressed by up to 15%. Because pressure is transmitted 
equally from all directions, foods with high water content retain their shape (Anstine, 2003). 
Secondly, the principle of Le Chatelier, which implies that pressure will enhance any 
phenomenon in equilibrium (chemical reaction, phase transition, change in molecular 
configuration) accompanied by a decrease in volume and retard or inhibit those that involve a 
volume increase (Hoover et al., 1989; Cheftel and Culioli, 1997). The formation of bonds, 
separation of charges, concentration of equal charges and stearic crowding result in volume 
concentration, whereas breakdown of bonds, neutralization, and relocalization of charges 
generate volume expansion (Tauscher, 1995). Thus, pressure shifts the equilibrium of a 
reaction towards the most compact state by reducing the available molecular space and/or 
increasing intrachain reactions (Hoover et al., 1989). 
Effects of high pressure on food constituents and microorganisms 
Water. The application of high pressure reduces the freeze and fusion points of water to a 
minimum of -22°C at 207.5 MPa because pressure opposes the increase in volume that arises 
when type I ice crystals are formed (Welti-Chanes et al., 2005). Other polymorphous types 
of ice can be formed with HPP that generally involve a similar volume or a slight decrease 
with respect to the_ liquid state, which can result in a reduction of tissue damage compared to 
that caused by ice I. Type II ice can be formed at room temperature and 900 MPa, which can 
be an alternative to freezing foods without cooling. Self-ionization of water is promoted by 
pressure (Tauscher, 1995). The ionization volume of water is -22.2 cm3/mol at 25 °C. 
Volume contraction is caused by strong electrostriction around the ions formed. 
Ca~bohyd~ates. HPP can induce gelatinization of starch through specific water-starch 
linkages even at room temperature (Douzals et al., 1996). Hayashi (1989) reported that 
pressure treatment at 400 to 500 MPa at 45 to 50°C enhanced the susceptibility of wheat, 
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corn, and potato starches to a -amylase action. For the two types of carrageenan, K- 
carrageenan and i-carrageenan, the melting temperature was shown to decrease linearly with 
increase in pressure, indicating destabilization of the gels (Fernandez-Martin et al., 2005). 
Lipids. The .melting point of triglycerides increases with pressure. Such transition follows 
Le Chatelier's principle, with lipids, in the liquid state at ambient temperature and pressure 
crystallising under high pressure. Pressure favors the formation_ of the most stable form of 
crystals which are those with the lowest energy level and the highest melting points (Cheftel, 
1992). Pressure_ has the same effect on phospholipids, favoring the crystalline state since it 
has a lower volume. The transition temperature of lipids _depends on the length of the 
hydrocarbon chain, but the rate at which this temperature changes with pressure is almost 
independent of the chain length. Lipid oxidation may also be affected by high pressure 
(Indrawati et al., 2002). 
Vitamins. Many .authors have reported that the vitamin content of fruits and vegetables is not 
significantly altered by HPP. About 82% of the ascorbic acid content in fresh green peas can 
be retained after .pressure treatment at 900 MPa and 20°C for 5-10 min (Quaglia et al., 1996). 
Vitamin C degradation of pressurized (400 MPa, 20°C, 30 min) and untreated strawberry 
coulis were nearly identical during storage at 4°C. Moreover, it has been shown that a 
pressure treatment neither accelerates nor slows down the kinetic degradation of ascorbic 
acid during subsequent storage (Sancho et al., 1999). 
P;~oteins. Although it is generally believed that HPP has little influence on secondary 
structure and affects tertiary and quaternary structures of most globular proteins, the 
molecular mechanism behind the effects on proteins, even though studied for some decades 
now, is still poorly understood (Gross and Jaenicke, 1994; Mozhaev et al., 1996; Heremans et 
al., 1997). 
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Significant changes to the tertiary structure of proteins are _mostly observed at pressures 
higher than 200 MPa. Comparatively low pressures (< 150 MPa) are needed to disrupt the 
quaternary structure, thereby dissociating multimeric proteins (Gross and Jaenicke, 1994; 
Hendrickx et al., 1998). Changes in secondary structure, however, might occur at higher 
pressures (Hendrickx et al., 1998). 
In general, low pressures induce reversible changes such as the dissociation of protein-
protein complexes, the binding of ligands, and conformational changes. Pressures higher 
than 3 00 MPa induce denaturation, which is in most cases, irreversible (Hendrickx et al., 
1998). However, reports on a few proteins indicate that such high pressures may also cause 
reversible changes (Heremans et al., 1997). Thus, the pressure range affecting protein 
structure and functionality differs depending on the forces maintaining the structural 
characteristics of the protein, the protein-solvent interactions, and extrinsic factors such as 
temperature, duration of treatment, pH, ionic strength and protein concentration 
(Boonyaratanakornkit et al., 2002). 
En.zyjnes. Effects of HPP treatment on enzymes related to food quality can be associated to 
changes in the protein structure which may interfere with the specificity of .substrate binding 
and substrate hydrolysis or cause inactivation by denaturation. Nevertheless, these effects 
differ depending on the type of enzyme, the nature of the substrates, and the processing 
conditions (pressure, temperature, time, pH, medium, etc.). The level of pressure needed for 
inactivation strongly depends on the enzyme and its reaction mechanism. 
Some enzymes can be inactivated at room temperature at relatively low pressures (100-
200 MPa), while others can withstand 1000 MPa (Hendrickx et al., 1998). Because of the 
high pressure stability of some enzymes, combined processes (e.g., pressure and temperature) 
might be necessary for enzyme inactivation. It has also been suggested that the efficiency of 
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HPP inactivation of enzymes. is improved by applying pressure cycles (Curl and Jansen, 
1950; Ludikhuyze et al., 1998c). In a few cases, however, enzyme activation due to pressure 
treatment has been observed (Cano et al., 1997; Cheret et al., 2005). In intact animal or plant 
tissues, enzyme activation can arise from pressure-induced membrane damage, resulting in 
enzyme and substrate contact due to leakage. 
Mic~oo~ganisms. High pressure processing induces a number of changes to the morphology, 
enzymatic reactions, genetic mechanisms, and cell membrane and wall of microorganisms 
(Hoover et al., 1989). The lethal effect of pressure is thought to be the result of all these 
processes occurring simultaneously. Pressures between 3 00 and 600 MPa at ambient 
temperatures can inactivate yeasts, molds and most vegetative bacteria, including most 
infectious foodborne pathogens (Smelt, 1998). In general, Gram-positive bacteria tend to be 
more pressure resistant than Gram-negative bacteria (Patterson et al., 1995). Spore 
inactivation, however, is a major challenge for HPP. Some spores can even withstand 
pressures of 1000 MPa (Roberts and Hoover, 1996). But spore germination can be induced 
by relatively Iow pressures (200-400 MPa) and, then, moderate pressures (> 3 00 MPa) can be 
used to inactivate the vegetative cells (Sale et al., 1970). Also the use of pressure in 
combination with moderate heating has been proposed for .spore inactivation (Roberts and 
Hoover, 1996; Mills et al., 1998). 
Soy proteins under pressure 
Pressurization of pure soybean glycinin at pressures above 300 MPa was reported to 
cause dissociation of the protein into subunits with increased sulfhydryl content and exposure 
of hydrophobic regions (Zhang et al., 2003). Complete denaturation occurred at 400 MPa 
applied for 10 min, as determined by DSC analysis. The same results were obtained with 
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pressurized soymilk (Zhang et al., 2005). In this case, information about (3-conglycinin 
showed complete denaturation at 300 MPa. Native electrophoretic analysis indicated that 
soymilk proteins were dissociated by high pressure into subunits, some of which associated 
to form larger aggregates. Kajiyama et al. (1995) also observed in soymilk treated at 
pressures below 500 MPa that the amount of low molecular weight fractions increased with 
increase in pressure. These results were earlier summarized by Heremans (1982), who 
explained that the dissociation of subunits is the biggest change observed in proteins under 
pressure. He also reported that modification of the subunits and rearrangement or 
coagulation can occur. SDS-polyacrylamide gel electrophoresis (PAGE), however, showed 
no difference among the soymilk samples of Kajiyama et al. (1995), indicating that pressure 
did not. affect the primary structure of the proteins. 
Puppo et al. (2004) studied the changes induced by HPP treatment at 200-600 MPa on 
soy protein isolates (SPI) at pH 8. They observed increased protein hydrophobicity, 
indicating that pressure produced unfolding of proteins and exposure of the hydrophobic 
groups to the medium. A reduction in the free sulfliydryl content was probably due to 
formation of disulfide bonds among unfolded molecules. Increased hydrophobocity was also 
observed by Molina et al. (2001) in SPI and the two globulins, (3-conglycinin and glycinin, at 
pH 6.5 and 7.5 after treatment at 200 MPa for 15 min. 
Soybean protease inhibitors and enzymes inactivation by pressure 
Protease inhibitors 
Even though the effects of high pressure on enzymes have been studied intensively in the 
last decades, little work has been done on the soybean trypsin inhibitors. 
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Estrada-Giron et al. (2002) observed small inactivation rate constants (8 x 10"4 s"1) for TI 
in soymilk treated at 5 5 0 MPa and 80°C for 15 min or 5 0°C .for 3 0 min, with a residual 
activity of about 40% in comparison with non treated soymilk. At 275 MPa and 80°C 
applied for 25 min,, minimal inactivation was obtained. They reported that pressure rather 
than temperature influenced the rate of reaction. However, Van der Ven et al. (2005) 
concluded that temperature is the most important factor in TI inactivation. They reported 
that HP treatments at room temperature resulted in minor. or no loss of TI activity. Treatment 
of both soaked soybeans and soymilk at 600 MPa and 60°C resulted in ~ 40% decrease of TI 
activity. From an equation describing the inactivation of trypsin inhibitors, they observed 
that in order to get 90% inactivation of TI, initial temperatures between 77 and 90°C and 
pressures between 750 and 525 MPa are needed with holding times of 1 min. 
The different observation in these two studies about the role of temperature in the 
pressure inactivation of TI must be explained by the levels of temperatures used by Estrada-
Giron et al. (2002), which were too low to cause inactivation of the TI either by themselves 
or in combination with relatively mild pressures. Nonetheless, further investigation of the 
effects of pressure, as well as combined pressure and temperature, on the activity of KTI and 
BBI is required in order to obtain kinetic data for the design,. evaluation, and optimization of 
HPP processes in soy related foods. 
Lipoxygenase 
Because LOX is widely distributed in plant foods, more studies are reporting the. effects 
of HPP on this enzyme. 
Soybean LOX. has been classified as apressure-sensitive enzyme based on a study 
conducted with several food enzymes at 600 MPa, including catalase, phosphatase, lipase, 
pectin esterase and lactoperoxidase (Seyderhelm et al., 1996). Treatment of purified soybean 
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LOX in the pressure range 400 to 600 MPa led to minor changes in the active site that were 
enough to cause considerable loss of catalytic activity (Ludikhuyze et al., 1998a; 
Tangwongchai et al., 2000). These changes in the active site were followed by a loss of 
native conformation at higher pressure levels (600-800 MPa). Similar findings were reported 
by Tangwongchai et al. (2000), who performed electrophoresis and DSC studies on 
pressurized pure LOX and concluded that pressures above 400 MPa are required to denature 
the enzyme. 
Like temperature inactivation, pressure inactivation of soybean LOX can be accurately 
described by a first-order kinetic model (Ludikhuyze et al., 1998b). Several combinations of 
high pressure (up to 650 MPa) and temperature (10 to 64°C) have been used for the 
calculation of LOX inactivation rate constants. At constant temperature, an increase in the k 
value was observed with increase in pressure. At 20°C, the activation volume was -66.5 
cm3/mol. Increasing the concentration of the enzyme did not appear to affect its pressure 
stability, since the k values were not significantly different. 
Effects of high pressure processing on soymilk characteristics 
Two characteristics usually evaluated in soy beverages are color and viscosity. Since 
covalent bonds are not affected by HPP, browning of soymilk due to the Maillard reaction 
and production of cooked flavor are not expected (Hayashi, 1989). In the case of viscosity, 
however, significant changes can occur depending on the level of pressure applied. Zhang et 
al. (2005) observed that at treatments equal or more severe than 500 MPa for 30 min soymilk 
was converted into a sol. Same results were obtained by Kajiyama et al. (1995), who 
attributed this change to the coagulation of proteins by the treatment. 
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CHAPTER 2. MATERIALS AND METHODS 
Study I: Impact of high pressure and temperature on the activity of soy 
enzymes and enzyme inhibitors 
Enzymes, enzyme inhibitors, .and substrates preparation 
Lipoxygenase type IB from soybeans (LOX, Sigma, St. Louis, MO, L7395) was 
purchased as a lyophilized powder and dissolved in Tris-HCl buffer (0.01 M, pH 9.0) at a 
concentration of 0.5 mg/ml. The substrate for lipoxygenase was sodium linoleate prepared 
according to a modified method of Axelrod et al. (1981): 70 mg of linoleic acid (cis-9, cis- 
12-octadecadienoic acid, Sigma, L 1268) and an equal amount of Tween 20 (polyethylene 
glycol sorbitan monolaurate) as an emulsifier were added to 4 ml of oxygen-free distilled 
water; the mixture was homogenized in a vortex homogenizer for 1 min and cleared with the 
addition of 0.5 5 ml of 0. S N NaOH. Finally, the volume was taken to 25 ml with distilled 
water to obtain a concentration of 10 mM and the solution flushed with nitrogen to remove 
oxygen.. Aliquots (1.5 ml) of the substrate were kept frozen until needed. 
Trypsin inhibitor type II-S from soybean (Kunitz trypsin inhibitor or KTI, Sigma, T9128) 
was dissolved in 0.05 MTris-0.02 M CaCl2 buffer at pH 8.2 at a concentration of 0.4 mg/ml. 
Trypsin from bovine pancreas (Sigma, T 1426) was prepared at a concentration of 0.02 mg/ml 
in 1 mM HCI. Forty milligrams of Na-benzoyl-DL-arginine p-nitroanalide hydrochloride 
(BAPNA, Sigma, B4875) were dissolved in 1 ml of dimethyl sulfoxide and diluted to 100 ml 
with 0.05 MTris-0.02 M CaC12 buffer (pH 8.2) previously warmed at 37°C. This solution, 
kept at 37°C in a water bath, was used as the substrate for assaying trypsin inhibitor activity. 
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Trypsin-chymotrypsin inhibitor from soybean (Bowman Birk Inhibitor or BBI, Sigma, 
T9777) was prepared at a concentration of 0.3 mg/ml in 0.05 M Tris-0.02 M CaC12 buffer, 
pH 8.2. a-Chymotrypsin from bovine pancreas (Sigma, C3142) was dissolved in 1 mM HCl 
to obtain a concentration of 0.04 mg/ml. The substrate for assaying chymotrypsin inhibition 
was a solution of N-benzoyl-L-tyrosine p-nitroanilide (Sigma, B6760) in dimethyl sulfoxide 
(1.75 mg/ml). 
(3-Glucosidase from almonds (Sigma, 49290) was prepared at a concentration of 0.0015 
mg/ml in 0.1 Mphosphate-citrate buffer at pH 5.0. The substrate for this enzyme was a 1 
mM solution of p-nitrophenyl (3-D-glucopyranoside (p-NPG, Sigma, N7006) in 0.1 M 
phosphate-citrate buffer (pH 5.0). 
All reagents used were of analytical grade and purchased from Fisher Scientific 
(Pittsburgh, PA). 
Thermal treatment 
KTI and BBI solutions were treated at 95°C, 100°C, and 120°C from 5 to 30 min. The 
enzyme inhibitor solution was filled into a stainless steel coil with an internal diameter of 2.1 
mm and a wall thickness 0.5 mm, which was closed at both ends with a compression fitting 
cap. This coil had a thermal conductivity of 16.3 W/m2K and a volume capacity of ~ 25 ml. 
Treatment was conducted in an Isotemp constant temperature circulator Mode1800 from 
Fisher Scientific (Pittsburgh, PA) containing silicone fluid (Dow CorningOO 550, Dow 
Corning Corporation, Midland, MI) as the heating medium. The temperature of the bath was 
set 2.5°C higher than the treatment temperature. The time necessary to reach the desired 
temperature inside the coil was determined in previous experiments to be between 0.5 and 1 
min. Thus, a come up time of 1 min was used for all treatments. A sample heated for 1 min 
(come up time) was used as the control for enzyme inhibitor activity (Ao). 
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LOX (2 ml) and (3-glucosidase (S ml) were treated in glass test tubes closed with two 
layers of parafilm at temperatures between 50 and 65°C during 5 to 30 min in a Precision 
water bath (Model 183, Thermo Electron Corporation, Waltham, MA). Bath temperature 
was set again 2.5 °C over the treatment temperature. Sample temperature was monitored with 
a thermometer placed inside a control tube; when the solution reached the desired 
temperature, which took less than 2 min, the timing was started. One tube was removed from 
the bath immediately after the temperature reached the treatment value. This sample was 
used as the control (Ao). 
Immediately after the treatment time was completed, enzymes and inhibitors samples 
were transferred into an ice-water bath at ~ 15°C and cooled down to room temperature, 
which took. approximately 3 0 s. All samples were stored at refrigeration temperature 
overnight and then kept at room temperature for 3 0 min before enzyme activity 
determination. 
High pressure processing 
Enzymes (2 ml LOX, 5 ml ~i-glucosidase, and 1 S ml each KTI and BBI) were packaged 
in 30.5 cm x 6.5 cm polyester bags (SealPaks, K:APAK Corporation, Minneapolis, MN), air 
was removed manually and the bags were sealed with an impulse foot sealer (American 
International Electric Co., Whittier, CA) avoiding contact of the solution with the hot 
surface. High pressure treatment was performed in a FOOD-LAB 900 Plunger Press' system 
(Stansted Fluid Power Ltd., Stansted, Essex, UK) equipped with a temperature control unit. 
The pressurizing medium was a vegetable oil in water emulsion, prepared with distilled water 
and containing 10% soybean oil, 0.18% Tween 80, 0.02% Span 80, and 0.1 %potassium 
sorbate. Pressurization and depressurization rates were set at 160 and 320 MPa/min, 
respectively. The pressurization and depressurization times were excluded from the analysis 
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by using a control .sample (Ao) prepared by pressurization and immediate depressurization 
with no holding time. The adiabatic heat generated during:: compression resulted in an 
increase in temperature of the processing fluid of N 2.4°C per 100 MPa of increase in 
pressure, as monitored by three thermocouples located at different points inside the 
pressurization vessel. 
Pressure treatment of KTI and BBI was conducted at 75 °C and 600, 700, and 800 MPa. 
Samples were preheated at 75 °C for 5 min in a water bath. Also the application of two 
consecutive pressure cycles was investigated for KTI (0.10 mg/ml in 0.05 M Tris-0.02 M 
CaCl2 buffer, pH 8.2) at 700 MPa and 70 and 75°C, and at 750 MPa and 75°C. LOX and ~i- 
glucosidase were treated at 25 °C. 
Immediately after pressure treatment, the enzyme inhibitors samples were cooled down to 
room temperature in an ice-water bath for 30 s in order to stop the effect of heat. All samples 
were stored at refrigeration temperature overnight and kept at room temperature for 3 0 min 
before activity determination. 
pH measurements 
The pH of pure enzyme solutions was determined before enzyme activity determination, 
i.e. the day following the high pressure or thermal treatment. The pH meter (Accumet® 
Research AR25, Fisher Scientific, Pittsburgh, PA) was fitted with an electrode (FC200, 
Hanna Instruments, Ann Arbor, MI) previously calibrated with standard buffers (pH 4.0, 7.0, 
and 10.0). 
Trypsin inhibitor activity 
Determination of trypsin inhibition was conducted according to the AOCS method Ba 12-
75 with some modifications. The enzyme inhibitor solution was appropriately diluted with 
distilled water so that 0.5 ml produced trypsin inhibition of 40-60%. Aliquots of 0.3, 0.5, 
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0.7, and 0.9 ml of diluted sample were transferred into triplicate sets of test tubes and 
adjusted to 1 ml with distilled water. After the addition of 1 ml of trypsin solution, the tubes 
were placed in a water bath at 37°C for 5 min. To each tube, 2.5 ml of previously warmed 
BAPNA .substrate solution were added. Exactly 10 min later the reaction was terminated by 
adding 0. S ml of 3 0% acetic acid. After thorough mixing in a vortex homogenizer, the 
absorbance of the samples was read at 410 nm using 1.5 m1-capacity polystyrene cuvettes in 
a Beckman DU 600 spectrophotometer (Beckman Coulter Inc., Fullerton, CA) against a 
sample blank. This blank contained 1 ml of the diluted sample and was prepared by adding 
trypsin after the reaction was terminated. Values of absorbance obtained for the samples 
were subtracted from the absorbance of a trypsin standard prepared in the same way as the 
samples but containing 1 m1 of distilled water instead of sample. One trypsin unit (TU) was 
arbitrarily defined as an increase of 0.01 absorbance units at 410 nm per 5 ml of the reaction 
mixture. Therefore, the trypsin inhibitor units (TIU) per ml of sample were calculated as 
follows: 
TIU/ml aliquot —  
Absorbance trypsin standard —Absorbance sample] 
0.01 x ml aliquot 
TIU/ml sample =  TIU  (average) x dilution factor . 
ml aliquot 
The trypsin inhibitor activity remaining after thermal or high pressure treatment was 
determined as percentage of residual activity: 
. o _TIU/ml for treated sample Residual activ~ty, /o — x 100 . 
TIU/ml for control (Ao) 
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chymotrypsin inhibitor activity 
Inhibition of chymotrypsin was measured spectrophotometrically with a modified version 
of the method of Tan et al. (1984). The inhibition curve of bovine chymotrypsin by soybean 
chymotrypsin inhibitor was verified to be linear between 20 and 40% of inhibition. Thus, the 
enzyme inhibitor solution was diluted to the point where 0.5 ml produced 20-40% inhibition 
of chymotrypsin. Aliquots of 0.3, 0.5, 0.7, and 0.9 ml of diluted samples were transferred 
into triplicate sets of test tubes and adjusted to 1 ml with distilled water. After the addition of 
2 ml of 0.05 M Tris-0.02 M CaC12 buffer, pH 8.2, and 1 ml of chymotrypsin solution, the 
tubes were placed in a water bath at 37°C for 5 min. To each tube, 0.5 ml of N-benzoyl-L-
tyrosine p-nitroanilide solution was added. Exactly 10 min later the reaction was terminated 
by adding 0.5 ml of 3 0% acetic acid. After thorough mixing, the absorbance of the samples 
was read at 410 nm using 1.5 ml-capacity polystyrene cuvettes in a Beckman DU 600 
spectrophotometer (Beckman Coulter Inc., Fullerton, CA) against a sample blank. This 
blank contained 1 ml of the diluted sample and was prepared by adding chymotrypsin after 
the reaction was terminated. Values of absorbance obtained for the samples were subtracted 
from the absorbance of a chymotrypsin standard prepared in the same way as the samples but 
containing 1 ml of distilled water instead of sample. One chymotrypsin unit (CTU) was 
arbitrarily defined as an increase of 0.01 absorbance units at 410 nm per 5 ml of the reaction 
mixture. Therefore, the chymotrypsin inhibitor units (CTIU) per ml of sample were 
calculated as follows: 
CTIU/ml aliquot —  Absorbance 
chymotrypsin standard —Absorbance sample] 
0.01 x ml aliquot 
CTIU/ml sample =  TIU average) x dilution factor . 
ml aliquot 
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The chymotrypsin inhibitor activity remaining after high pressure or thermal treatment 
was determined as percentage of residual activity as in the case of trypsin inhibitory activity. 
Lipoxygenase-1 activity 
The method used as reference was that of Axelrod et al. (1981) with slight modifications. 
To 2..95 ml of 0.2 M borate buffer (pH 9.0) and 0.025 ml of sodium linoleate substrate, 0.025 
ml of sample were added and the reaction mixture was homogenized by rapid inversion. The 
increase in absorbance at 234 nm was measured at room temperature immediately after the 
reaction initiation as a function of reaction time (every 30 s during 3 min) in a Beckman DU 
600 spectrophotometer (Beckman Coulter Inc., Fullerton, CA). The absorbance was plotted 
against reaction time and the activity of the enzyme was determined from the slope of the 
straight portion of the curve. One unit of enzyme was considered equivalent to the amount of 
Y 
enzyme that generated an increase in absorbance of 1.0 per min at 234 nm. Thus, the LOX 
units in the sample were determined as follows: 
LOX units/m1=slope (s"') 
x 60 s 
0.025 ml 
Residual activity (%) after thermal or high pressure treatment was calculated as follows: 
. ° — LOX units/ml for. treated sample Residual activity, /o — x 100 . 
LOX units/ml for control (Ao) 
(3-Glucosidase activity 
The method used to determine the hydrolyzing activity on the synthetic substrate was that 
described by Matsuura and Obata (1993) with minor modifications. After incubation of 2 ml 
of the substrate 1 mM p-NPG at 30°C for 10 min, 0.5 ml of enzyme solution were added and 
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the tube mixed in a vortex homogenizer. The mixture was incubated at 3 0°C and 3 0 min 
later the reaction was stopped by .addition of 2.5 ml of 0.5 M sodium carbonate. The 
resulting yellow color was measured immediately at 420 nm in a Beckman DU 600 
spectrophotometer (Beckman Coulter Inc., Fullerton, CA) using as sample blank a reaction 
mixture prepared with distilled water instead of the enzyme sample. The enzyme activity 
was determined by measuring the concentration of hydrolyzed p-nitrophenol using a 
calibration curve prepared with 3-300 µM of p-nitrophenol (Sigma, 104-8). One unit of 
enzyme was defined as the amount that liberated 1µM of p-nitrophenol per min at 3 0°C. 
Therefore, the following equation was used to calculate the units per ml of sample: 
(3 - Glucosidase units/ml — 
µM of hydrolyzed p - nitrophenol 
30minx0.5m1 
Residual activity (%) after thermal or high pressure treatment was calculated in the same 
manner as described for LOX. 
Estimation of kinetic parameters 
Inactivation of KTI, BBI, lipoxygenase-1 and (3-glucosidase in buffer solutions was 
found to follow first order kinetics, as verified by the linear semilogarithmic Blots of the 
activity retention (A/Ao) as a function of inactivation time at constant temperature and 
pressure. As a measure of linearity, the regression coefficient (r2) was calculated. The 
inactivation rate constant (k) was derived from the slope of the regression line. 
For first order inactivation kinetics, 
A = Ao exp(—kt) 
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where A is the enzymatic activity at time t, Ao is the initial enzymatic activity, t is the 
treatment time, and k is the first-order inactivation rate constant. 
Under constant extrinsic/intrinsic factors, this equation for~.a first order reaction can be 
linearized by a logarithmic transformation, yielding the following expression of enzyme 
activity as a function of treatment. time: 
In 
~A~
~ Ao J 
--kt. 
Temperature and pressure dependence of the inactivation rate constants were calculated. 
The temperature dependence was expressed by an activation. energy, Ea, as indicated in the 
Arrhenius equation: 
k = krefr exp 
~Ea~ 1 1~~ 
~ R ~ Tref T J J
where kre~ is the inactivation rate constant at Tref Tref the reference temperature (in Kelvin), 
Ea the activation energy, and R the universal gas constant (R = 8.314 J/Kmol). This equation 
can be linearized which allows the activation energy at a certain pressure to be estimated 
based on linear regression analysis of the natural logarithm of k versus the reciprocal of the 
absolute temperature; 
ln~k~ = ln~kre~r~ — 
Earl 1  ~ 
R ~ T Tref ~ 
In the same way, the pressure dependence of the rate constant was expressed by an 
.activation volume, Va, as illustrated in the Eyring equation: 
k = kref P exp 
~ — Va ~  (P — Pref ) 
~ RT ~ 
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where kre~ is the inactivation rate constant at Pref, Pref is the reference pressure, Va is the 
activation volume at a certain temperature, T is the absolute temperature, and R the universal 
gas constant (R = 8.314 J/Kmol). Also the Eyring equation can be linearized by a 
logarithmic transformation; 
ln(k~ =1n(kre~r~ — RT ~P — Pr ef~ . 
Therefore, plotting the natural logarithm of the rate constant. in function of pressure, the 
activation volume at a certain temperature can be derived from the slope of the regression 
lne. 
The D value or to.l, which represents the time to get 1 log cycle (or 90%) decrease in 





All data represent the mean of two replicates. A11 analyses were done in triplicate. 
Regression analysis was conducted using Excel (Microsoft®Excel 2002, Microsoft 
Corporation, Redmond, WA). Analysis of variance (ANOVA) was carried out using JMP 
(version 5.1.2, Statistical Analysis System Institute, Inc., Cary, NC). Differences were 
analyzed with Student's t test. The level of significance (a,) was set to 0.05. 
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Study II: Effects of high ;.pressure processing on soymilk characteristics 
Materials 
Soybeans (Glycine ynax L.) of the Vinton 81 cultivar were purchased locally (Pattison 
Bros., Fayette, IA). All reagents were of analytical grade and purchased from Fisher 
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO). 
Soymilk preparation 
Soybeans (100 g) were washed to remove dirt and soaked for 12 hours at room 
temperature in eight times their mass of tap water. After draining, soybeans were weighed to 
determine the water uptake and then ground with the amount of water needed to complete a 
dry bean-to-water ratio of 1:8 in a 41 Waring heavy-duty laboratory blender (Waring 
Commercial, Torrington, CT) at low speed for 1 min. The slurry was then filtered trough a 
100-mesh nylon filter-sack and water was added to complete a dry soybean-to-water ratio of 
1:10. Finally, the slurry was squeezed manually to separate the insoluble residue, okara, 
from the filtrate. The soymilk obtained in this way had a pH of 6.6 and degrees Brix of 6.5 ~ 
0.2. The yield was calculated as the weight (g) of soymilk obtained per 100 g of soybeans 
used to make the soymilk. 
Thermal treatment 
Thermal treatment of soymilk at 95 °C, 100°C, and 120°C for 10 min was conducted in a 
stainless. steel coil immersed in an Isotemp constant temperature circulator Model 800 from 
Fisher Scientific (Pittsburgh, PA) containing silicone fluid (Dow Corning® .550, Dow 
Corning Corporation, Midland, MI) as the heating medium, as described in study I. 
Treatment at 5 5 °C was performed in a Precision water bath (Model 183, Thermo Electron 
Corporation, Waltham, MA) set at 2.5°C over the treatment temperature. Soymilk was 
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heated in a 250 ml-erlenmeyer hermetically closed with a rubber stopper and manually 
agitated. The temperature of the sample was controlled with a thermometer placed inside the 
flask through a hole in the stopper. 
Immediately after the treatment time was completed, the samples were transferred to an 
ice-water bath at ~ 15 °C and cooled down to room temperature for 10 s. Aliquots were taken 
from all soymilk samples and kept at 4°C for further analyses and the remaining portions 
were immediately frozen and then freeze dried. 
High pressure processing 
Soymilk (100 ml) was vacuum packaged in polyester bags (SealPaks, KAPAK 
Corporation, Minneapolis, MN) in a tabletop Multivac machine (Model C 100, Multivac Inc., 
Kansas City, MO). High pressure treatment was performed in a FOOD-LAB 900 Plunger 
Press' system (Stansted Fluid Power Ltd., Stansted, Essex, UK) as described previously 
(study I). After treatment, aliquots were taken from all soymilk samples and kept at 4°C for 
further analyses and the remaining portions were immediately frozen and then freeze dried. 
Defatting procedure 
Freeze-dried soymilk samples previously ground in a coffee grinder were defatted as 
follows: 5 g of sample were extracted in a stir plate with 25 ml of hexane in the fume hood 
for 1 h; the mixture was then filtered using 41-mesh paper filter and the procedure repeated 
until the liquid fraction was clear. Finally, the hexane was allowed to evaporate overnight 
and the samples were stored in a desiccator until analyzed. 
Trypsin inhibitor activity 
Defatted freeze-dried soymilk samples (0.5 g) were dissolved in 25 ml of 0.01 N NaOH 
and the pH of the resulting slurry was adjusted to between 8.4 and 10.0 with 0.2 N HCI. 
Each sample was extracted at room temperature for 3 h with constant stirring. The 
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suspension was then appropriately diluted with distilled water so that 0.5 ml of the sample 
extract produced trypsin inhibition. of 40-60%. The method was the AOCS method Ba 12-75 
with a few modifications. Aliquots of 0.3, 0.5, 0.7, and 0.9 ml of diluted suspension were 
transferred into triplicate sets of test tubes and adjusted to 1 ml with distilled water. After the 
addition. of 1 ml of bovine trypsin solution (Sigma, T1426; prepared ~at a concentration of 
0_.02 mg/ml in 1 mM HCI), the tubes were placed in a water bath at 37°C for 5 min. To each 
tube, 2.5 ml of BAPNA solution (Sigma, B4875; 40 mg dissolved in 1 ml dimethyl sulfoxide 
and diluted to 100 ml with 0.05 M Tris-0.02 M CaCl2 buffer, pH 8.2) previously warmed at 
37°C were added. Exactly 10 min later the reaction was terminated by adding 0.5 ml of 30% 
acetic acid. After thorough mixing, the contents of the tubes were centrifuged at 10,000 rpm 
for 2 min. If the supernatants were still cloudy, they were filtered .through 0.45 µm 
polytetrafluoroethylene filter unit (Alltech Associates Inc., Deerfield, IL). The absorbance of 
the supernatants was read at 410 nm using 1.5 ml-capacity polystyrene cuvettes in a 
Beckman DU 600 spectrophotometer (Beckman Coulter Inc., .Fullerton, CA) against a 
sample blank, which contained 1 ml of the suspension and was prepared by adding trypsin 
after the reaction was terminated. Values obtained from the samples were subtracted from a 
trypsin standard prepared in the same way as the samples but containing 1 ml of distilled 
water instead of the diluted suspension. The values obtained for every aliquot were averaged 
and the trypsin inhibitor activity (TIA) was calculated as trypsin inhibitor units (TIU) per mg 
of sample. One trypsin unit (TU) was arbitrarily defined as an increase of 0.01 absorbance 
units at 410 ~nm per 5 ml of the reaction mixture. Therefore, results were expressed as TIU 
per mg of dry sample according to the following equation: 
58 
TIU/mg sample (db) — TIU X 25 ml 
x dilution factor X  100 
ml 0.01 x mg sample 100 - %moisture 
Residual activity was calculated as follows: 
. ° _TIU/mg for treated sample Residual activity, /o — x 100 
TIU/mg fore control 
where the control corresponded to the raw soymilk. 
chymotrypsin inhibitor activity 
Inhibition of chymotrypsin was measured spectrophotometrically with a modified version 
of the method of Tan et al. (1984). The same extraction of the soymilk samples prepared for 
trypsin inhibitor activity determination was used in this assay. The inhibition curve of 
bovine chymotrypsin by soybean chymotrypsin inhibitors was previously verified to be linear 
between 20 and 40% of inhibition. Thus, the suspension was diluted to the point where 0.5 
ml produced 20-40% inhibition of chymotrypsin. Aliquots of 0.3, 0.5, 0.7, and 0.9 ml of 
diluted suspension were transferred into triplicate sets of test tubes and adjusted to 1 ml with 
distilled water. After the addition of 2 ml of 0.05 M Tris-0.02 M CaC12 buffer (pH 8.2), and 
1 ml of bovine a-chymotrypsin solution (Sigma, C3142; 0.04 mg/ml in 1 mM HCl), the 
tubes were placed in a water bath at 37°C for 5 min. To each tube, 0.5 ml of BTPNA 
solution (Sigma, B6760; 1.75 mg/ml in dimethyl sulfoxide) were added. Exactly 10 min 
later the reaction was terminated by adding 0.5 ml of 3 0% acetic acid. After thorough 
mixing, the contents of the tubes were centrifuged at 10,000 rpm for 2 min. If the 
supernatants were still cloudy, they were filtered through 0.45 µm polytetrafluoroethylene 
filter unit (Alltech Associates Inc., Deerfield, IL). The absorbance of the supernatants was 
read at 410 nm using 1.5 ml-capacity polystyrene cuvettes in a Beckman DU 600 
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spectrophotometer (Beckman Coulter Inc., Fullerton, CA) against a sample blank, which 
contained 1 ml of the suspension and was prepared by adding chymotrypsin after the reaction 
was terminated. Values obtained from the sample suspensions were subtracted from a 
chymotrypsin standard containing 1 ml of distilled water instead of the sample. The values 
obtained for every aliquot were averaged. One chymotrypsin unit (CTU) was arbitrarily 
defined as an increase of 0.01 absorbance units at 410 nm per 5 ml of the reaction mixture. 
Therefore, the chymotrypsin inhibitor activity (CTIA) was expressed as chymotrypsin 
inhibitor units (CTIU) per mg of dry sample according to the following equation: 
CTIU/mg sample (db) — CTIU X 25 ml x dilution factor X  100 
ml 0.01 x mg sample 100 - %moisture 
Residual activity was calculated as described for trypsin inhibitor activity. 
Lipoxygenase-1 activity 
Defatted freeze-dried soymilk samples (0.1 g) were homogenized with 10 ml of 
phosphate buffer (0.2 M, pH 6.8) in a stirring plate for 20 min at 0-4°C, as described by 
Kumar et al. (2003). The suspension was centrifuged at 10,000 rpm for 10 min at 4°C. The 
supernatant obtained was used as the crude extract for assaying lipoxygenase activity. 
Lipoxygenase-1 activity was determined spectrophotometrically using sodium linoleate as 
substrate. The method used as reference was that of Axelrod et al. (1981) with slight 
modifications, as described in study I. One unit of enzyme was considered equivalent to the 
amount of enzyme that generated an increase in absorbance of 1.0 per minute at 234 nm. 
The LOX activity in the sample was expressed as LOX units per mg of sample in dry basis 
according to the following equation: 
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LOX units/mg sample (db) _slope (s"1) 
x 60 s x  10 ml  X  100 
0.025 ml mg sample 100 - %moisture 
Residual activity was calculated. as follows: 
. ° _LOX units/mg for treated sample Residual activity, /o — x 100 
LOX units/mg for control 
where the control corresponded to the raw soymilk. 
(3-glucosidase activity 
The method used was that described by Matsuura and Obata (1993) with minor 
modifications. Defatted freeze dried soymilk samples (0.5 g) were stirred with 5 ml of 0.1 M 
sodium phosphate buffer (pH 6.6) during 5 min. The slurry was centrifuged at 3,000 rpm for 
3 min at 10°C. The supernatant was acidified to pH 5.0 with 0.1 N HCl and centrifuged at 
8,000 rpm for 10 min at 10°C. The resulting supernatant served as the source of crude 
enzyme. The activity determination was the same as described in study I. One unit of 
enzyme was defined as the amount that liberated 1µM of p-nitrophenol per min at 30°C. 
The equation below was used to calculate the units of enzyme per mg of sample (db): 
(3 - Glucosidase units/mg sample (db) _ 
µM of hydrolyzed p -nitrophenol 5 ml 100 — x x . 
3 0 min x 0.5 ml mg sample 100 -- %moisture 
Residual activity was calculated as mentioned above for LOX. 
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Commercial soymilks 
Refrigerated soymilks were purchased from local grocery stores in Ames, Iowa. Two 
brands (two lots each) were selected: Cub Foods (Stillwater, l~IN) and Silk (Whitewave 
Foods, Broomfield, CO). Both soymilks were plain, organic, calcium enriched and vitamin 
fortified. Freshly opened samples were freeze-dried and defatted like the other soymilk 
samples and analyzed for enzymes .and inhibitors activities as described above. 
pH measurements 
The pH of soymilk samples was measured immediately after soymilk preparation and 
then immediately after pressure or heat treatment with a pH meter (Accumet® Research 
AR25, Fisher Scientific, Pittsburgh, PA) fitted with an electrode (FC200, Hanna Instruments, 
Ann Arbor, MI) previously calibrated with standard buffers (pH 4.0, 7.0, and 10.0). 
Moisture content 
The moisture content of the samples was determined according to AOCS method Ba 2a-
3 8 with slight modifications. One g of freeze-dried soymilk or 3 g of liquid soymilk were 
weighed into tared aluminum dishes and dried in a forced-air oven (Precision Economy 
Oven, Thermo Electron Corporation, Waltham, MA) for 3 h at 130°C. After removal from 
the oven, samples were immediately placed in a desiccator for 3 0 min to cool down to room 
temperature and weighted. Moisture content was calculated as follows: 
o _  loss in weigth Moisture, /o — x 100 . 
weight of sample 
Crude .protein content 
Soymilk was analyzed for crude protein content with the Dumas method using a Rapid 
NIII Nitrogen-Analyzer (Elementar Americas Inc., Mt. Laurel, NJ) as described by Jung et 
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al. (2003 ). Defatted freeze-dried soymilk was wrapped and tightly pelleted in tin foil, 
whereas liquid samples were packaged in tin capsules. The blank used was an empty tin foil 
and aspartic acid (Sigma, St. Louis, MO; A9 310-0) was the nitrogen calibration standard. A 
factor of 6..25 was used to convert nitrogen to crude protein content. 
Color 
Soymilk color was measured using a Hunter LabScan XE Spectrophotometer (Hunter 
Associates Laboratory, Inc., Reston, VA). Samples were placed in a plastic Petri dish (35 
mm x 10 mm Style, Falcon, Becton Dickinson and Company, Franklin Lakes, NJ) and. filled 
to the top. Hunter L, a, and b values were recorded under D65 illuminant, using a 10° 
standard observer and a 0.4" port size with a view area of 0.25". The spectrophotometer was 
standardized using a white (X=79.43, Y=84.32, Z=90.39). and a black tiles. An average of 
three readings at different spots in the dish was taken for each_. sample. Total color difference 
(DE) of treated samples and control (used as reference) was _calculated with the following 
equation: 
0E _ -J~L — Lref>z -~- ~a — aref)2 -~- ~b — bref)2 = ~(/~T ) 2 ~- (OCG)Z -I- (017)2 . 
Viscosity 
Soymilk viscosity was determined using a HAAKE RheoStress 150 rheometer (Thermo 
Electron Corporation, Waltham, MA) equipped with a titanium DG41 double gap sensor 
system, which was acoaxial-cylinder system consisting of acup-and-bell-shaped rotor with 
two gaps. The inner and outer cylinders had outer diameters of 3 6.0 and 43.4 mm, 
respectively. Measurements were made at 23°C and increasing shear rates from 10 to 1500 
s-1 Wlthln 7.S min using 6.3 ml of sample. Apparent viscosity was determined at 1500 s-1. 
The experimental flow curves were. modeled by using the power law: 
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6 =K~Y)n
where 6 was the shear stress (Pa), K was the consistency coefficient, y was the shear rate (s-
1), and n was the fYow index. Samples were tested a minimum of three times. 
Electrophoresis 
Defatted freeze-dried soymilk samples were analyzed both by denaturing (SDS-PAGE) 
and non-denaturing conditions (native PAGE). The latter was performed in a 6% 
polyacrylamide separation gel prepared with 1.5 M Tris-HC1 buffer, pH 8.8, and a 4% 
polyacrylamide stacking gel prepared with 1 M Tris-HCl buffer, pH 6.8. Running buffer 
contained 0.025 M Tris base and 0.192 M glycine at pH 8.3. For denaturing electrophoresis, 
4% stacking gel and 13 %resolution gel were used containing 0.1 %sodium dodecyl sulfate 
(SDS) and urea (16 and 22%, respectively). Running buffer contained also SDS (0.1 %). 
Samples were diluted in buffer (native electrophoresis: 30% glycerol, 1 M Tris-HCl at pH 
6.8, and 1 % bromophenol blue; SDS-PAGE: 20% glycerol, 1 M Tris-HCl at pH 6.8, 10% 
SDS, 0.05 M urea, 0.4% bromophenol blue, and 2% 2-mercaptoethanol) to obtain a protein 
concentration of 3 mg/ml and 5 µ1 of this dilution were loaded into the gels. The gels were 
run at 70 V (native) and 200 V (SDS-PAGE) using mini-slabs in aMini-Protean® II system 
(Bio-Rad Laboratories, Hercules, CA). After electrophoresis, proteins were first fixed in a 
solution of 7% glacial acetic acid in 40% (v/v) methanol and then stained for 2 h in a 
Brilliant Blue G-Colloidal (Sigma) and methanol solution. The gels were destained with 
10% acetic acid in 25% methanol for 60 s and then overnight with 25%methanol. For 
drying, gels were placed between two cellophane sheets in plastic drying frames (Diversified 
Biotech, Boston, MA) during 24 h. 
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Differential scanning calorimetry 
The native state of the proteins was determined by differential scanning calorimetry 
(DSC) using an Exstar 6040- Seiko II calorimeter (Seiko Instruments Inc.,=Torrance, CA) 
calibrated with indium. The defatted freeze-dried soymilk sample (0.1 g) was dissolved in 
0.9 g of 0.05 M Tris-HCl buffer, pH 7.0, and 13 mg of this solution were hermetically sealed 
in pre-weighted aluminum pans. . A pan containing buffer was used as reference. 
Calorimetric measurements were. carried out at a scan rate of 10°C/min, from 25 to 110°C. 
Onset temperature and enthalpy of thermal denaturation were estimated from the DSC curve. 
Samples were run at least in triplicate. After DSC analysis, pans were punctured on top and 
samples dried in a forced-air oven at 13 0°C for 3 h to determine their moisture content. 
Results were expressed as J/g of sample in an "as is" basis. 
Statistical analysis 
All experiments were conducted ~in duplicate. ANOVA and .Student's t differences were 
calculated using JMP (version 5.1.2, Statistical Analysis System Institute, Inc., Cary, NC). 
Differences were considered significant ifp _< 0.05. 
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Study III: Pressure effects on soy isoflavone profile and extractability 
Materials 
Soybeans (Glycine inax L.) of the Vinton 81 cultivar were purchased locally (Pattison 
Bros., Fayette, IA). All reagents were of analytical grade and purchased from Fisher 
Scientific (Pittsburgh, PA) and Sigma-Aldrich (St. Louis, MO). Acetonitrile and methanol 
from Fisher Scientific were of HPLC grade. 
Soymilk and soaked soybeans preparation 
Soymilk was prepared from 200 g of soybeans as described in study II. 
Beans (28 g) were washed to remove dirt and soaked for 12 hours at room temperature in 
eight times their mass of tap water. After draining, this soaking water was discarded. 
Soybeans were weighted to determine the water uptake and then vacuum packaged in 
polyester bags (SealPaks, KAPAK Corporation, Minneapolis, MN) in a tabletop Multivac 
machine (Model C 100, Multivac Inc., Kansas City, MO) with the amount of newly added 
water needed to complete a dry bean-to-water ratio of 1:8. 
Thermal treatment 
Previous to high pressure treatment (HPP), soymilk was subjected to thermal treatment at 
95 ~ 2°C for 15 min in a 21 reaction vessel (model CG-1929-16, ChemGlass Inc., Vineland, 
NJ) with continuous stirring at 695 rpm (stirrer model BDC 3030, Caframo, Wiarton, 
Ontario, Canada). For the extractability experiment with soybeans, one control soymilk was 
prepared. by grounding the soaked soybeans with boiling water. 
High pressure processing 
Soymilk (100 ml) was vacuum packaged in polyester bags (SealPaks, KAPAK 
Corporation, Minneapolis, MN). High pressure treatment of soymilk and soaked soybeans 
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was performed in a FOOD-LAB 900 Plunger Press' system (Stansted Fluid Power Ltd., 
Stansted, Essex, UK), previously described in study I. 
For the isoflavone structure experiments with soymilk, treatments were conducted at 0.1 
(control at atmospheric pressure), 400, 500, 600, 700, and 750 MPa for 10 min at 25 and 
75°C. When treatment was applied at 75°C, soymilk was pre-warmed at 75°C for 10 min in 
a water bath. Immediately after pressure treatment, samples treated at 75 °C were cooled 
down to room temperature in an ice-water bath for 3 0 s. Aliquots were taken from all 
soymilk samples and kept at 4°C for further analyses and the remaining portions were 
immediately frozen and then freeze dried. For the extractability study, soybeans were treated 
at 0.1 (control at atmospheric pressure), 100, 200, 300, 400, 500, 600, and 700 MPa for 10 
min at room temperature. Immediately after pressure treatment, soymilk was prepared from 
the pressurized soybeans and water plus the amount of tap water required to complete a 
soybeans-to-water ratio of 1:10, as described in study II. One aliquot was taken and the 
remaining was immediately frozen for isoflavone analyses. 
pH and °Brix measurements 
The pH of soymilk samples was measured immediately after soymilk preparation with a 
pH meter (Accumet® Research AR25, Fisher Scientific, Pittsburgh, PA) fitted with an 
electrode (FC200, Hanna Instruments, Ann Arbor, MI) previously calibrated with standard 
buffers (pH 4.0, 7.0, and 10.0). The soymilk percent of soluble solids at 20°C was 
determined as °Brix with a refractometer (Milton Roy Company, Rochester, NY). 
Moisture content 
The moisture content of the samples was determined according to AOCS method Ba 2a-
3 8 with slight modifications. One g offreeze-dried soymilk or 3~ g of liquid soymilk were 
weighed into tared aluminum dishes and dried in .a forced-air oven (Precision Economy 
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Oven, Thermo Electron Corporation, Waltham, MA) for 3 h at 1.30°C. After removal from 
the oven, samples were immediately placed in a desiccator for 3 0 min to cool down to room 
temperature and weighted. Moisture content was calculated as follows: 
o 
_ loss in weigth Moisture, /o — x 100 . 
weight of sample 
Solids content was determined as 100 minus the percentage of moisture. 
Crude protein content 
Soymilk was analyzed for protein content with the Dumas method using a Rapid NIII 
Nitrogen-Analyzer (Elementar Americas Inc., Mt. Laurel, NJ) as described by Jung et al. 
(2003) and explained in study II. 
Lipid content 
Freeze-dried soymilk samples used for isoflavone extractability studies were analyzed for 
lipid content following the AACC method 3 0-25 with some modifications. Approximately 
1.5 g of sample was weighted into a porous cellulose thimble placed inside. a glass extraction 
tube, which was inserted into the holders of a Goldfisch apparatus. A beaker containing 40 
ml of hexane was attached to the apparatus under the sample. and the circulating water and 
heat were turned on. The extraction was left to proceed for 5 h, after which the power and 
water were turned off and the system let to cool down for 30 min. Samples were left inside 
the fume hood overnight to let the hexane evaporate. The lipid content was determined by 
calculating the reduction in weight of the samples. 
. 
o 
— weight sample before extraction —weight sample after extraction Lipid content, /o — x 100 . 
weight sample before extraction 
68 
Total sugars content 
Freeze-dried soymilk (20 mg) was dissolved in 100 ml distilled deionized water and 
stirred for 5 min in a stirring plate at medium speed. Samples were then centrifuged at 
10,000 rpm for 2 min to eliminate insoluble particles. Total sugars were determined by the 
method of Dubois et al. (195 6) with slight modifications. The supernatant (0.5 ml) was 
mixed with 0.5 ml of 5 %phenol; 2.5 m1 of concentrated sulfuric acid were rapidly added to 
the liquid surface and the mixture was mixed in a vortex device and allowed to stand 3 0 min 
at room temperature before absorbance was measured at 490 nm in a Beckman DU 600 
spectrophotometer (Beckman Coulter Inc., Fullerton, CA). Blank was prepared with distilled 
water instead of the sample. Standards of known glucose concentration (10, 3 0, 5 0, 70, and 
90 µg/ml) were used to calculate the amount of sugar in the samples. Results were expressed 
in an "as is" basis. 
Isoflavones content 
Freeze-dried soymilk was ground with pestle and mortar and approximately 2 g were 
accurately weighted into a 125-m1 screw-capped Erlenmeyer flask. After the addition of 10 
ml of acetonitrile and 7 ml of Milli-Q system HPLC grade water (Millipore Co., Bedford, 
MA), the flask was capped and stirred for 2 h at room temperature in a rotary shaker (Innova 
Model 2050, New Brunswick Sci., Edison, NJ) at 300 rpm. The mixture was vacuum-
filtered (No. 42 filter paper, Whatman, Hillsboro, OR) and the filtrate was evaporated to 
dryness_under vacuum at < 30°C. Dry matter was redissolved to a final volume of 10 ml 
with 80% methanol in water. The sample was filtered through a 0.45 µm 
polytetrafluoroethylene filter unit (Alltech Associates Inc., Deerfield, IL) and HPLC 
quantification of Isoflavones was done according to the method of Wang and Murphy 
(1994a). Soybeans used as reference were ground in a coffee grinder and extracted and 
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analyzed as described above for freeze-dried soymilk. Results were expressed as µmol/g of 
freeze-dried sample. in dry basis. 
Defatting procedure 
Freeze-dried soymilk samples previously ground in a coffee grinder were defatted as 
described in study II. 
Electrophoresis 
Defatted, freeze-dried soymilk samples from the extractability study with pressurized 
soaked soybeans were analyzed by native-PAGE in non-denaturing conditions, which was 
performed in a 6% polyacrylamide separation gel with a 4% polyacrylamide stacking gel. 
The separation. and. stacking gels were prepared with 1.5 M Tris-HCl buffer at pH 8.8 and 1 
M Tris-HCl buffer at pH 6.8, respectively. Running buffer contained 0.025 M Tris base and 
0.192 M glycine at pH 8.3. Samples were diluted in buffer (30% glycerol, 1 M Tris-HCl at 
pH 6.8, and 1 % bromophenol blue) to obtain a protein concentration of 3 mg/ml and; after 
centrifugation at 10,000 rpm for 2 min 10 µl of this dilution were loaded into the gels. The 
gels were run at 70 V using mini-slabs in aMini-Protean® II system (Bio-Rad Laboratories, 
Hercules, CA). After electrophoresis, proteins were first fixed in a solution of 7% glacial 
acetic acid in 40% (v/v) methanol and then stained for 2 h in a Brilliant Blue G-Colloidal 
(Sigma-Aldrich, St. Louis, MO) and methanol solution. The gels were destained with 10% 
acetic acid in 25% methanol for 60 s and then overnight with 25%methanol. For drying, 
gels were placed between two cellophane sheets in plastic drying frames (Diversified 
Biotech, Boston, MA) during 24 h. 
Differential scanning calorimetry 
The native state of the proteins in the defatted freeze-dried soymilk obtained from 
pressurized soybeans was determined by differential scanning calorimetry (DSC) using an 
~o 
Exstar 6000 Seiko II calorimeter (Seiko Instruments Inc., Torrance, CA) calibrated with 
indium. The sample (0.1 g) was dissolved in 0.9 mg of 0.05 M Tris-HCl buffer, pH 7.0, and 
13 mg of this solution were hermetically sealed in pre-weighted aluminum pans. A pan 
containing buffer was used as reference. Calorimetric measurements were carried out at a 
scan rate of 10°C/min, from 25 to 110°C. Onset temperature and enthalpy of thermal 
denaturation were estimated from the DSC curve. At least triplicates were run for each 
sample. After DSC analysis, pans were punctured on top and samples dried in a forced-air 
oven at 13 0°C for 3 h to determine their moisture content. Results were expressed as J/g of 
sample in dry basis. 
Statistical analysis 
All experiments. were conducted in duplicate. Isoflavone results were evaluated using the 
General Linear Model (GLM) procedure and the Student's t test with the Statistical Analysis 
System (SAS) software package (SAS Institute, Inc., Cary, NC). All other data were 
analyzed with ANOVA using JMP (version 5.1.2, SAS Institute Inc., Cary, NC). Differences 
were considered significant if p _< 0.05 . 
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CHAPTER 3. RESULTS AND DISCUSSION 
Study I: Impact of high pressure and temperature on the activity of soy 
enzymes and enzyme inhibitors 
To apply HPP alone or in combination with mild heat at an industrial scale, degradation 
kinetic studies focusing on food components are required. The objective of this study was to 
investigate and compare the effects of pressure and temperature on the activity of enzymes 
and enzyme inhibitors that play a significant role in the quality and nutritional attributes of 
soy foods. The enzymes are lipoxygenase (LOX) and ~i-glucosidase, and the inhibitors are 
the Kunitz (KTI) and Bowman-Birk (BBI) trypsin inhibitors. LOXs are responsible for the 
rancid or beany off-flavor associated with soy-based foods and their complete inactivation is 
desirable. ~3-Glucosidases hydrolyze the soy isoflavone ~-glucosides to produce aglucons, 
which have been shown to have some beneficial effects on human health. Contradictory data 
exist about their association with bitter taste in soyfoods. KTI and BBI have long been 
considered antinutrients due to their ability to inhibit pancreatic enzymes and, therefore, 90% 
inactivation in soyfoods has been proposed in order to obtain better nutritional quality. 
Nevertheless, some .beneficial health effects have been later associated with BBI. 
Thermal inactivation at atmospheric pressure 
LOX has been reported to be inactivated in the temperature range 50-70°C (Ludikhuyze 
et al., 1998a). As our preliminary data showed that 70°C caused complete inactivation of the 
enzyme after 1 min treatment, the thermal stability of LOX at atmospheric pressure was 
studied at 55, 60, and 65°C. The same temperatures were evaluated on ~3-glucosidase 
activity, since plant glucosidases were found to be inactivated at temperatures higher than 
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50°C (Gunata, 2003). KTI and BBI, however, are known to be rather heat stable, requiring 
temperatures above 80°C in order to obtain a significant decrease in activity (Lei et al., 
1981). Therefore, stability of the purred inhibitors to heat was studied at 95, 100, and 
120°C. 
The pH of the samples was measured right before enzyme activity determination and no 
significant differences were found for any of them at any of the temperatures evaluated (p > 
0.05). 
In the temperature ranges studied for the enzymes and inhibitors in buffer solutions, the 
isothermal inactivation could be described by a first order kinetic model, as shown by the 
straight line obtained from the semilogarithmic plot of the residual activity (A/Ao) versus 
treatment time (Figures 1 and 2). Table 1 summarizes the inactivation rate constants 
observed at the different temperatures of treatment and the corresponding D values. The 
activation energy (Ea), or temperature dependence of the inactivation rate constant, for both 
enzymes and inhibitors could be predicted using the Arrhenius equation from the slope of the 
straight line obtained from plotting the logarithm of the k value versus the reciprocal of the 
absolute temperature, since the correlation coefficient for this line was good (Figure 3; Table 
2). 
LOX and ~-glucosidase inactivation. As expected, the inactivation rate constants of both 
enzymes increased with increasing temperature (Table 1). In the range of temperatures 
studied, the lower inactivation rate constants and activation energy (Table 2) obtained for ~-
glucosidase showed that this enzyme was more heat stable and less temperature sensitive 
than LOX.. The k values indicated that at 65 °C LOX inactivation was seven times faster than 
~3-glucosidase inactivation. While LOX activity was lost completely after 10 min at 65 °C, ~-
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Figure 1. Heat inactivation of purified lipoxygenase (LOX; 0.01 M Tris-HCl buffer, pH 9.0) 
and (3-glucosidase ((3-Glu; 0.1 Mphosphate-citrate buffer, pH 5.0) at different temperatures. 
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Figure 2. Heat inactivation of purified Kunitz (KTI) and Bowman-Birk (BBI) trypsin 
inhibitors (0.05 M Tris-0.02 M CaC12 buffer, pH 8.2) at different temperatures. Points 
represent the mean; error bars represent ± standard error; n = 2. 
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Table 1. First order rate constants (x 10-2 miri 1) for thermal inactivation of purified soybean 
enzymes and protease inhibitors under atmospheric pressure (with r2 > 0.95) 
Temperature (°C) LOX ~i-Glucosidase KTI BBI 
50 0.96 ± 0.05°
(240.13)b
55 3.13 ± 0.14 2.23 ± 0.39 
(73.73) (106.53) 
60 9.03 ± 0.46 4.43 ± 0.64 
(25.58) (53.09) 
65 72.84 ± 6.98 10.04 ± 0.31 
(3.19) (22.96) 
95 2.05 ± 0.27 0.51 ± 0.01 
(11'4.32) (456.08) 
100 3.15 ± 0.07 1.35 ± 0.24 
(73.15) (176.62) 
120 14.24 ± 0.56 16.67 ± 0.18 
(16.20) (13.82) 
a Standard error; n = 2. 
b Numbers in brackets comes and to the mean of the D values in min. p 
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Figure 3. Temperature dependence of the rate constants for isothermal inactivation of 
lipoxygenase (LOX), (3-glucosidase ((3-Glu), Kunitz (KTI) and Bowman-Birk (BBI) trypsin 
inhibitors at atmospheric pressure. 
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Table 2. Energies of activation of purified soybean enzymes and protease inhibitors at 
atmospheric pressure 
Ea (kJ/mol) 2 r 
LOX 254.69 ± 3.62a 0.9692 
~-Glucosidase 13 8.74 ± 19.3 S 0.9965 
KTI 92.93 ± 6.27 0.9999 
BBI 164.26 ± 2.05 0.9946 
a Standard error; n — 2. 
values (Table 1) obtained for ~-glucosidase showed that 23 min at 65 °C were required to 
achieve 90% inactivation. Residual (3-glucosidase activity after 3 0 min treatments at 5 5, 60, 
and 65°C were 51, 27, and 4%, respectively. Similar values were obtained for LOX in 
shorter treatment times, i.e. 20, 25, and 5 min at 55, 60, and 65°C, respectively. A treatment 
temperature of 50°C was not sufficient to fully inactivate LOX, which lost only 63% of 
activity after 1 OS min (data not shown). Ludikhuyze et al. (1998b) also reported first order 
kinetics for the isothermal inactivation of purified LOX but with k values between 2.02 x 10"2
and 15.5 x 10-2 min" 1 in the temperature range 62-6 8 °C, with an activation energy of 319 
kJ/mol. Matsuura and Obata (1993) obtained 80% residual activity for soybean ~i- 
glucosidases after thermal treatment at 5 S °C for 5 min but reported almost complete 
inactivation after 5 min at 60°C. Their results differ greatly from ours, since we found 60% 
residual activity after 5 min at 60°C. One possibly reason for this discrepancy is the source 
of the enzyme. Whereas we used commercially available almond ~3-glucosidase, they 
purified the enzyme from soybeans. Another explanation might be the heating procedure 
applied, but no details are available for their process. 
KTI and BBI inactivation. KTI and BBI inactivation rate constants also increased with 
increasing temperature. At 95 and 100°C, KTI was more thermolabile than BBI, as 
demonstrated by its higher k and lower D values (Table 1). The residual activities of the 
76 
inhibitors after 30 min treatments at 95 and 100°C were 54 and 39% for KTI and 85 and 68% 
for BBI, respectively (Figure 2). Di Pietro and Liener (1989b), however, reported only 25% 
decrease in the activity of KTI and no Loss in activity for BBI after treatment of the purified 
solutions at 100°C for 3 0 min. This lower inactivation of the inhibitors may be related to the 
heating process. whereas they used glass vials to heat the samples in a water bath at boiling 
temperature, we used a stainless steel coil with better heat transfer characteristics and higher 
surface area to volume ratio with silicone fluid as the heating medium. 
At 120°C the inactivation rate constants for the two inhibitors were similar, with D values 
of 1 d min for KTI and 14 min for BBI. The loss of activity after 8 min was 68% for KTI and 
72% for BBI. These results indicate that at 120°C the trypsin inhibitors could be inactivated 
almost simultaneously. This observation is reflected in Figure 3, where the lines 
corresponding to each inhibitor intersect at a temperature of 117°C, as determined by their 
regression equations. At this temperature, the inhibitors could be inactivated at the same rate 
of 11.18 x 10-2 min 1. Higher temperatures were not investigated in this study, but the lines 
obtained by plotting ln(k) vs. 1/T suggest that at temperatures above 117°C the KTI may 
display greater heat stability than the BBI. This hypothesis is in agreement with the data 
reported by Rouhana et al. (1996) for high temperature-short time processing of soymilk. 
They observed the intersection of the lines at 137°C, with higher treatment temperatures 
resulting in lower rates of inactivation for KTI compared to BBI. 
The activation energy for KTI (93 kJ/mol) was Lower than that of BBI (164 kJ/mo1), 
showing that KTI is less temperature sensitive (Table 2). Similarly, Rohuana et a1. (1996) 
found in soymilk lower energy of activation for KTI than BBI. Johnson et al. (1980b), 
however, reported 48 kJ/mol for KTI and 19 kJ/mol for BBI in soymilk. These differences 
cannot be readily explained, but while Rouhana et al. (1996) determined the proportion of 
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each inhibitor directly, Johnson et al. (1980b) calculated them from the slopes of total trypsin 
inhibitor activity inactivation curves. Moreover, it may not be valid to compare the results of 
these two studies obtained in soymilk with ours obtained with pure inhibitors, as it has been 
shown that trypsin inhibitors behavior in a food matrix differs. from that in purified solutions 
(Ellenrieder et al., 1980; Di Pietro and Liener, 1989b). 
Loss of enzyme activity can occur due to modification in the active site of the enzymes, 
brought together by their three-dimensional configuration. Since protein denaturation is 
associated with conformational changes, it can lead to inactivation of the enzyme. The 
mechanism of temperature induced denaturation is complex and involves primarily 
destabilization ofnon-covalent bonds. The different temperature ~ stabilities of the enzymes 
and inhibitors investigated in this. study can, therefore, be related to their molecular 
structures. KTI is a relatively small (~ 20 kDa) monomeric protein of 181 amino acids 
containing two disulfide bridges that are essential for its inhibitory function. Its overall 
structure is largely stabilized by hydrophobic side chains (Tetenbaum and Miller, 2001; 
Roychaudhuri et al., 2004). BBI, however, contains seven disulfide bonds in a single 
polypeptide chain of 71 amino acid residues (MW = 8 kDa) that impart remarkable stability. 
LOX and R-glucosidase are larger molecules (~ 94 and 120 kDa, respectively). While LOX 
is a monomeric protein that contains no disulfide bridges, ~i-glucosidase seems to be a 
homodimer probably linked through a disulfide bond (Hsieh and Graham, 2001). From the 
results obtained in this study, it can be concluded that the presence of disulfide bonds is 
largely responsible for the higher temperatures required to inactivate the trypsin inhibitors 
compared to the two enzymes. Likewise, the absence of disulfide bridges in LOX structure 
may account for the lower thermostability compared to ~3-glucosidase. 
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Pressure and combined pressure-temperature inactivation 
Pressures from 45 0 to 5 5 0 MPa and 3 00 to 5 00 MPa were applied at 25 °C to LOX and ~-
glucosidase solutions, respectively, since previous experiments in our laboratory showed that 
lower pressure Levels were not adequate to inactivate the enzymes. Pure soybean LOX has 
been shown to lose activity in the pressure range 400-600 MPa (Ludikhuyze et al., 1998b; 
Tangwongchai et al., 2000). Only one available study reports the effects of HPP on the 
activity of raspberry and strawberry (3-glucosidases after pressurization of the fruits in the 
pressure range 400-800 MPa (Garcia-Palazon et al., 2004). HPP treatment of KTI and BBI 
was conducted at higher pressures (600-800 MPa) and 75 °C, as it has been reported that 
pressure treatment alone (room temperature) and at lower pressures and/or temperatures 
caused little or no inactivation of these inhibitors (Van der Ven et al., 2005). 
The adiabatic temperature increase during pressure buildup might cause a significant 
reduction of activity. This effect maybe more significant in the case of LOX and ~-
glucosidase, which are more thermolabile than the trypsin inhibitors. However, this rise in 
temperature due to compression heating can be reduced by decreasing the rate of 
pressurization. In our studies, the pressurization rates were set at 160 MPa/min. with this 
rate and an initial. temperature of 25 °C, a thermocouple located inside the samples showed a 
maximum value of 38°C when LOX or ~-glucosidase solutions were pressurized at 500 MPa. 
.As mentioned earlier, temperatures above 50°C are required to inactivate these enzymes in 
the periods of time evaluated here. Therefore, the changes in the activity of these enzymes 
reported in our study can be ascribed to the direct effect of pressure. The temperature 
profiles of KTI and BBI during pressurization at an initial temperature of 75°C were similar 
to each other and, therefore, only data for BBI is presented in Table 3 for the different levels 
of pressure studied. As it can be observed, the initial temperature of the samples was ~ 72°C 
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due to some heat Loss during transfer of the samples from the water bath to the pressurization. 
vessel. During pressure buildup, the temperature increased with increase in pressure, 
reaching values as high as 94°C at 800 MPa. A temperature decrease occurred during the 
holding time, as denoted by the temperature difference between the maximum and end of 
dwell values. This temperature decrease was due to the resulting temperature gradient 
among sample, surrounding pressurization fluid, and vessel's wall (Denys et al., 2000). 
Further decrease in temperature took place during decompression, which occurred at a rate of 
3 20 MPa/min and _was approximately of the same magnitude. than the increase occurred 
during pressurization. In view of these changes in temperature, the inactivation of KTI and 
BBI by HPP should be explained by the combined action of pressure and temperature. 
Table 3. Temperature values (°C) of a Bowman-Birk inhibitor solution during a 
pressurization cycle of 3 0 min a 
Pressure (MPa) Initial Maximum End of dwell End of cycle 
600 72.2± 1.3b 90.1 X0.6 77.2±0.4 61.8 1.8 
700 72.1 ~ 0.4 92.9 ~ 0.1 77.1 ~ 0.1 62.1 ~ 0.3 
800 72.1 X0.0 93.6 0.6 77.9±0.1 55.8 0.9 
a The maximum value was taken at _the end of the come up time; the end of dwell temperature 
was taken at the .end of the 30 min holding time, and the end of cycle temperature was taken 
after depressurization. 
b Standard deviation. 
The application of pressure has been reported to change the pH of weakly acidic 
solutions. In the case of citric acid, ionization of the carboxylate group caused a drop in pH 
during the_ pressure cycle of approximately 0.2 units per 100 MPa of increase in pressure 
(Tangwongchai et al., 2000). In our experiments, Tris buffer was used for the inhibitors and 
for LOX because of its barotolerance, since Tris has a small ionization volume. However, ~- 
glucosidase was prepared in citrate-phosphate buffer and, therefore, it is possible that during 
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treatment the pH of the solution have decreased in a magnitude. dependent on the level of 
pressure applied. As expected, no .changes in the pH were detected after treatment as 
compared to the ~-glucosidase solution at atmospheric pressure. The pH of the pressurized 
enzymes and inhibitors solutions was measured right before activity determination and no 
significant differences were found among treatments (p > 0.05). 
Pressure and combined pressure-temperature inactivation of the purified. enzymes and 
trypsin inhibitors followed a first order reaction (Figures 4 and 5), as previously discussed for 
the isothermal inactivation. Using the same approach as for heat inactivation experiments, 
the k values were calculated and are presented in Table 4 with their corresponding D values. 
Table S shows the volumes of activation (Va) or pressure dependence of the inactivation rate 
constants. As in the. case of thermal treatment at atmospheric pressure, enzymes and 
inhibitors showed increased inactivation rate constants with increasing pressure. No 
activation of the enzymes or inhibitors was observed at any pressure level studied. 
LOX and ~-glucosidase inactivation. The k values presented in Table 4 show that the 
inactivation of ~-glucosidase was 4 and 5 times faster at 450 and 500 MPa, respectively, than 
that of LOX. while j3-glucosidase required ~ 4 min to lose 90% of its original activity at 500 
MPa, as shown in Figure 4 and indicated by the D values in Table 4, LOX took 
approximately 20 min to get the same residual activity. Their pressure sensitivity, however, 
was similar in the pressure range studied, with volumes of activation of -34.46 and -39.17 
cm3/mol for LOX and (3-glucosidase, respectively, as illustrated by the approximately 
parallel lines in the plot of ln(k) on pressure (Figure 6). Ludikhuyze et al. (1998a) reported a 
k value of 2.86 x 10"2 min 1 for the inactivation of pure LOX at 25°C at 550 MPa. Proteins 
are known to be more heat resistant in concentrated than in diluted solutions. The difference 
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Figure 4. Pressure inactivation of purified Iipoxygenase (LOX; 0.01 M Tris-HCl buffer, pH 
9.0) and ~3-glucosidase (~3-Glu; 0.1 M phosphate-citrate buffer, pH 5.0) at 25°C and different 
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Figure 5. Pressure inactivation of purified Kunitz (KTI) and Bowman-Birk (BBI) trypsin 
inhibitors (0.05 M Tris-0:02 M CaC12 buffer, pH 8.2) at 75°C and different levels of pressure. 
Points represent the mean; error bars represent ± standard error; n = 2. 
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Table 4. First order rate constants (x 10-2 miri 1) for pressure inactivation of purified soybean 
enzymes and protease inhibitors (with r2 > 0.95) 
Pressure (MPa) Temperature (°C) LOX (3-Glucosidase KTI BBI 
300 25 2.71 ± 0.35a
(86.55)b
400 25 11.43 ± 0.02 
(20.15) 
450 25 6.19 ± 0.46 28.75 ± 0.57 
(37.44) (8.01) 
500 25 12.07 ± 2,08 62.57 ± 3.12 
(19.66) (3.69) 
550 25 24.71 ± 2.74 
(9.44) 
600 75 3.08 ± 0.09 1.64 ± 0.20 
(74.84) (142.55) 
700 75 5.91 ± 0.03 3.71 ± 0.63 
(39.00) (63.98) 
800 75 7.60 ± 0.83 7.34 ± 0.45 
(30.68) (31.54) 
a Standard error; n = 2. 
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Figure 6. Pressure dependence of the rate constants for the inactivation of purified soybean 
enzymes (LOX and (3-glucosidase or (3-Glu) at 25°C and protease inhibitors (KTI and BBI) at 
75°C. 
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Table 5. Volume of activation of soybean enzymes and protease inhibitors 
Temperature (°C) Va (cm3/mol) r2 
LOX 25 -34.46 ± 0.99a 0.9996 
~i-Glucosidase 25 -39.17 ± 2.11 0.9976 
KTI 75 -13.03 ± 2.03 0.9388 
BBI 75 -21.71 ± 2.75 0.9974 
a Standard error; n = 2. 
enzyme concentration which was 10-fold lower than theirs. 
The pressure stability difference between LOX and ~i-glucosidase might be associated to 
their different three-dimensional structures. As mentioned above, ~i-glucosidase is a 
homodimer and dissociation of subunits at relatively low pressure levels (100-300 MPa) may 
lead to destabilization of the active site and loss of activity. LOX, however, is a monomeric 
molecule and, according to the published literature, monomeric proteins require higher 
pressure levels for inactivation, usually in the range 400-800 MPa. Our results showed that 
~i-glucosidase was less pressure stable than LOX whereas LOX was more thermolabile than 
~i-glucosidase. This difference in thermal and pressure stability of these two enzymes 
pointed out that the mechanism of action of pressure on proteins and enzymes differs from 
that of temperature. 
The complete inactivation of LOX was achieved after thermal treatment at 65 °C for 10 
min and after pressure treatment at 550 and 600 MPa applied for 20 and 10 min, respectively. 
~-Glucosidase activity can be reduced to 4% after a 5 min treatment at 500 MPa, however, 
3~0 min at 65°C are required to obtain the same residual activity. From a food safety point of 
view, these results are interesting because whereas a treatment of 65°C applied for 10 min 
would not be sufficient to improve the microbiological quality of soymilk, HPP treatment at 
600 MPa can destroy pathogenic and spoilage organisms efficiently (Smelt, 1998). On the 
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other hand, if the objective is to retain ~i-glucosidase activity in soy products while 
inactivating LOX, thermal treatments will be preferred due to the higher thermostability of ~i-
glucosidase compared to LOX. Otherwise, the flavor of the product will have to be 
compromised. It was interesting to note that no activation of the enzymes occurred at any of 
the conditions applied. 
KTI and BBI inactivation. Figure 5 shows that BBI was more stable than KTI at all levels 
of pressure evaluated. However,. at 800 MPa this difference became much smaller, with 
inactivation rate constants of 7.34 x 10"2 min 1 for BBI and 7.60 x 10"2 min 1 for KTI. 
Residual activities after 30 min treatments at 600, 700, and 800 MPa were 39, 16, and 8% for 
KTI and 58, 33, and 9% for BBI, respectively. The k values for both inhibitors 
approximately doubled with an increase in pressure from 600 to 700 MPa. Increasing the 
pressure from 700 to 800 MPa doubled the rate of inactivation of BBI, while that of KTI 
showed only a 1.3 -fold increase. This different response of the inhibitors showed that a 
certain increase in pressure has greater acceleration effect on the inactivation of BBI than on 
the inactivation of KTI in the pressure range studied. The absolute value of the activation 
volume. also demonstrated the higher pressure sensitivity of BBI compared to KTI (smaller 
v a, Table 5). This effect was previously observed for thermal inactivation and indicated that 
above a certain threshold .pressure, the stabilities of the inhibitors revert, with KTI becoming 
more pressure stable than BBI. This threshold pressure, at which the inactivation rate 
constants would be equal for both inhibitors, corresponds to a value of ~ 820 MPa and a k 
value of 8.80 x 10"2 min 1
Since KTI and BBI solutions reached temperatures between 90 and 94°C due to adiabatic 
heating during HPP treatment, the changes in the activity of both inhibitors during 
pressurization cannot be attributed to the effects of pressure alone. Consequently, the 
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changes in activity may be ascribed to a synergistic effect of pressure and temperature. 
However, ~ 90% residual activity of the inhibitors was observed after a 3 Omin-treatment at 
800 MPa. This decrease in activity was not achieved in any of the conditions used for the 
thermal treatment of the trypsin inhibitors, but could have occurred in a reasonable period of 
time (~ 15 min, as indicated by::the, D values in Table 4) only after treatment at 120°C. 
Even though the chemical structure may explain in part the differences in pressure 
stability of proteins, it might not be true for the entire pressure range, as demonstrated by the 
change in pressure (and thermal) stability of the inhibitors at elevated pressures (and 
temperatures). Therefore, an extensive investigation on the changes in the structure of the 
pressurized inhibitors is required before drawing any conclusion about the mechanism of 
inactivation by pressure. This will constitute the next step of this research project. 
Pressure cycling 
Because multicycle pressure treatment seems to have an important impact on bacterial 
inactivation (Sale et al., 1970; Hayakawa et al., 1994), we investigated the effects of a double 
pressure cycle on the activity of KTI. A 2-cycle treatment of 5 min per cycle was compared 
with treatments of 10 and 15 min at 700 MPa and 70°C, 700 MPa and 75°C, and 750 MPa 
and 75 °C. 
Figure 7 shows that all treatments caused > 60% inactivation of KTI compared to the 
non-pressurized controls (100% activity), which were prepared by preheating the sample at 
the corresponding treatment temperature for 5 min. From this figure it can be seen that the 
application of double cycles exerted an additional inactivation effect on the activity of KTI 
when the same pressure and temperature were applied. The activity remaining after two 
pressure cycles applied for 5 min each was lower than the residual activity after one 10 min-
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Figure 7. Effect of pressure cycling on the activity of Kunitz trypsin inhibitor (KTI; 0.10 
mg/ml of 0.05 M Tris-0.02 M CaC12, pH 8.2). 1 * l Omin: 1 cycle applied for 10 min; 
1 ~` 15min: 1 cycle applied for 1 S min; 2~`Smin: 2 cycles applied for 5 min each. Treatments 
with different letters were significantly different (p < 0.05). Error bars represent ±_standard 
error; n = 2. 
holding time was the same in both treatments, the enhancement in the inactivation of KTI 
with pressure cycling might be due to the effects of compression and decompression during 
pressure buildup and release. The double cycle decreased the activity of KTI by 
approximately the same factor as a single 15 min-treatment ,did. 
When analysis of variance (ANOVA) was used to compare the treatment effects on KTI 
activity among all treatments, significant differences were detected (p < 0.05). In this case, 
the 2-cycle treatment at 750 MPa and 75°C and the 15 min treatment in the same conditions 
of pressure and temperature caused the highest inactivation of KTI, the residual activity 
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being significantly lower than those obtained after 10 min treatments at 700 MPa and 70 and 
75 °C. 
Multicycle or pulsated pressure has been reported to enhance the extent of soybean LOX 
inactivation when applied for the same total holding time (Ludikhuyze et al., 1998c). while 
two 30 min cycles at 475 MPa and 25°C augmented the activity reduction of LOX by 31% 
compared to a single 60 min cycle, four consecutive 15 min cycles produced an extra 45% 
decrease in activity. However, in the case of BSA, which is more barotolerant than LOX, the 
same authors showed that the increase in the number of cycles appeared to have no extra 
effect on enzyme inactivation. They correlated this with the fact that the maximum 
temperature reached during pressurization declines with increasing the number of cycles, 
because along with depressurization the temperature drops to a value lower than the starting 
one, causing the temperature reached during the second pressurization to be lower. We have 
not tested the application of more than 2 cycles, but since temperature is an important factor 
in the inactivation of KTI, a similar situation would be expected. 
Enzyme inactivation by pressure can be the result of the alteration of the intramolecular 
structure and conformational changes at the active site (Hoover et al., 1989). The exact 
mechanism of pressure denaturation is complex and not yet fully understood, although it has 
been suggested that pressure causes changes in the structure .due to cleavage of weak 
hydrogen bonds, van der Waals forces and hydrophobic interactions while covalent bonds are 
unaffected (Mozhaev et al., 1996; Hayakawa et al., 1996). However, the extent of these 
changes depends on the protein structure, pressure level, temperature and pH. A pressure of 
600 MPa has been found to disrupt the secondary and tertiary structures of ovalbumin, 
lysozyme and j3-lactoglobulin, with the major changes found in the tertiary structure 
(Tedford et al., 1999). .Ovalbumin and ~-lactoglobulin, with one and two disulfide bonds 
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respectively, were. more susceptible to pressure than lysozyme, which has four disulfide 
bridges, when exposed to the same treatment conditions. Since the inactivation/denaturation 
of enzymes/proteins by high pressure is not identical to the temperature-induced process, 
high pressure treatment results in trypsin inhibitor inactivation at lower temperatures or 
shorter treatment times than a conventional heat treatment. These milder conditions might 
result in minimal negative effects on soymilk components, ,such as vitamins and amino acids, 
and functional properties, while inactivating the more pressure labile enzymes LOX and R- 
glucosidase. 
Because food preservation processes are based on inactivation/degradation of relevant 
food components such as enzymes, the results presented here contribute to the kinetic data 
necessary for design, evaluation, and optimization of processes based on the effect of 
pressure and temperature. 
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Study II: Effects of high pressure processing on soymilk characteristics 
Soymilk consumption is increasing in Western countries due to the increasing interest in 
healthful and nutritious foods. Conventional preparation of soymilk involves heating, which 
can cause some detrimental quality changes. High pressure processing can alter protein 
structure and inactivate enzymes and microorganisms, while retaining other desirable 
characteristics. The objective of this study was to compare the traditional heating step in 
soymilk processing with HPP in order to obtain information regarding the effects of the level 
of pressure on some soymilk quality aspects, including enzymes and protease inhibitors 
activity, protein native state, color and Theological properties. 
Effects of HPP and thermal treatment on soymilk enzymes anal enzyme inhibitors 
In this experiment, raw soymilk was pressurized from 100 to 700 MPa for 10 min in 
order to evaluate the response to pressure of the trypsin inhibitors, lipoxygenase (LOX), and 
R-glucosidase in their natural environment. LOX. and ~3-glucosidase activities were evaluated 
in soymilk heated at 5 5 °C for 5 to 3 0 min, while. the inhibitors were studied at 95, 100, and 
120°C for 10 min. 
Pressure t~eatjnent 
Ti~ypsin Inhibitors. Both KTI and BBI are active against trypsin, therefore their 
combined activity was determined as total trypsin inhibitory activity (TIA). Chymotrypsin 
inhibitory activity (CTIA) of soymilk was also determined spectrophotometrically. BBI is 
known to forma 1:1 complex with both trypsin and chymotrypsin. KTI, however, inhibits 
only trypsin activity (DiPietro and Liener, 1989a). Therefore, since the antichymotryptic 
activity of soy products can be attributed to BBI, the CTIA is presented as BBI activity. The 
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Figure 8. Effect of high pressure processing on soymilk enzymes activity. Treatments were 
applied for 10 min at 25°C. TIA: total trypsin inhibitor; BBI: Bowman-Birk inhibitor; LOX: 
lipoxygenase; ~i-Glu: (3-glucosidase. Points represent the mean; error bars represent ± 
standard error; n = 2. 
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pressure are summarized in Figure 8. Both TIA and BBI activities showed no statistically 
significant changes even after treatment at pressures as high as 700 MPa (p > 0.05), 
indicating that no inactivation of the inhibitors occurred. Similarly, Van der Ven et al. 
(2005) studied the effects of pressure on the TIA in soymilk and in whole soaked soybeans 
and reported minor or no loss of activity after HPP treatment at room temperature (500, 600, 
and 800 MPa for 2 min). Our study with purified inhibitors also showed no inactivation 
when pressure was applied at 25 °C. 
In order to investigate the potential benefit of the combination of thermal and pressure 
treatments on TIA, soymilk was pressurized at 750 MPa and 75°C for 30 min. The results 
indicated that while TIA activity can be reduced by 90% in these conditions, 18% of the 
chymotrypsin inhibitory activity remained after 3 0 min of treatment. This value is in 
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accordance with those obtained for purified BBI, which showed a residual activity of 33% 
and 9% at 700 and 800 MPa, respectively, when treatment was applied at 75 °C for 3 0 min. 
In soymilk, the residual BBI activity probably accounted for most of the residual TIA. These 
results agree with the recent study of Van der Ven et al. (2005). They showed, using a linear 
regression model, that in order to obtain a 90% of TIA inactivation, temperatures of at least 
65°C are required .with pressures between 400-750 MPa. 
Lipoxygenase and glucosidase. These two enzymes responded similarly to pressure up 
to 400 MPa, but at higher pressures ~3-glucosidase was more pressure stable (Figure 8). 
While LOX was fully inactivated at 600 MPa, ~-glucosidase retained 52% of activity after 
treatment at the same pressure, which was maintained when pressure was increased to 700 
MPa. The results presented previously (study I) for pure enzymes showed greater pressure 
tolerance of LOX compared to ~i-glucosidase. Since LOX showed similar inactivation in 
buffer than in soymilk, with residual activities of 27 and 21 %, respectively, after treatment at 
500 MPa for 10 min and 25°C, the difference in pressure and heat stability between the two 
enzymes can be attributed to the behavior of ~-glucosidase. High pressure stability of LOX 
in soymilk and whole soaked soybeans was reported by Van der Ven et al. (2005). At 500 
MPa and room temperature for 2 min they found a residual activity greater than 60%. At 800 
MPa, however, there was no activity left neither in soybeans nor in soymilk. 
~-Glucosidase could not be completely inactivated when .soymilk was pressurized from 
100 to 700 MPa for 10 min at 25 °C. These results differ from what we observed in purified 
form, as almost complete inactivation was achieved after 5 min treatment at 500 MPa and 
25 °C. As mentioned before, one possible reason for this difference may be the enzyme 
source since almond (3-glucosidase was used for the experiments with pure enzyme. The 
comparison of our results with those of Garcia-Palazon et al. (2004) shows that the source of 
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enzyme can influence the response to HPP. Whereas no significant activation was observed 
in our study with soymilk (3-glucosidase, they observed a 76% increase in the activity of ~-
glucosidase in strawberries pressurized at 400 MPa and room temperature. In their case, 
however, an increase in the enzyme extractability might have taken part in the residual 
activity, _but the authors did not address this point. 
Thermal treatment 
Lipoxygenase and /.glucosidase. Heating at 55°C did not have any effect on soymilk 
LOX but decreased the activity of soymilk ~i-glucosidase to 5% after 30 min treatment 
(Figure 9). When ~3-glucosidase was treated at 5 5 °C in buffer solution at pH 5.0, its residual 
activity was 51 % after a 3 0 min treatment. According to Gunata (2003 ), inactivation of plant 
glucosidases is known to occur rapidly at temperatures above 50°C and to be dependent on 
pH. The optimum pH of soybean ~-glucosidase was reported to be around 5.5 (Matsuura and 
Obata, 1993 ). Therefore, the pH of the soymilk may account for the lower stability of ~i-
glucosidase. Matsuura and Obata (1993) also reported low heat stability of soy ~3-
glucosidase. The partially purified enzyme from soybeans lost 20% of its original activity 
after a 5 min treatment at 5 5 °C, but was almost completely inactivated at 60°C for 5 min. 
The pH of soymilk might also explain the heat stability of LOX at 5 5 °C. Ludikhuyze et 
al. (1998b) showed that the thermal .stability of LOX increased as the pH of the medium 
moved away from the optimum (pH 9) to more acidic conditions. In study I, we showed that 
pure LOX in Tris buffer at pH 9 retained almost 40% of activity after treatment at 5 5 °C for 
3 0 min. It is also possible that the interaction of LOX with other compounds in soymilk 
protected it from inactivation. 
Treatment of soymilk at 95, 100, and 120°C for 10 min showed total inactivation of LOX 
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Figure 9. Residual activities of LOX and (3-glucosidase (~3-Glu) in soymilk treated at 55°C. 
Error bars represent ±standard error; n = 2. 
T~ypsin Inhibitors. TIA and BBI (determined as CTIA) were evaluated after treatments 
of soymilk at 95, 100, and 120°C (Figure 10). While BBI activity decreased gradually with 
increase in temperature, loss in TIA was more marked. For example, at 95°C TIA was 27% 
and BBI activity was 66%; at 120°C the residual activities were 11 and 22%, respectively. 
Since TIA measures both KTI and BBI together, these results suggest that most of the 
activity left after heat treatment is due mainly to the presence of BBI. Rouhana et al. (1996), 
measuring the activity of the individual inhibitors, and Johnson et al. (1980b), through 
indirect determination, also reported that the TIA activity left after boiling or HTST 
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Figure 10. Residual activities of total trypsin inhibitors (TIA) and Bowman-Birk inhibitor 
(BBI) in soymilk subjected to different thermal treatments for 10 min. Error bars represent ± 
standard error; n = 2. 
as determined by Rouhana et al. (1996), the heat inactivation of BBI may proceed faster than 
that of the Kunitz trypsin inhibitor (KTI) at more elevated temperatures (> 137°C), which is 
the case observed in our experiment with the purified inhibitors. 
Proportion of KTI to BBI 
To have an estimation of the proportions of each inhibitor in the raw soymilk, we 
assumed that all the chymotryptic inhibitory activity was due to the action of BBI and, 
therefore, the activity of KTI was calculated by subtracting the CTIA (or BBI) units/mg 
sample (dry basis) from the TIA units/mg sample (dry basis). The values of KTI and BBI 
obtained were 61 and 39%, respectively, or a ratio of 1.57. Similar values were reported by 
Rouhana et al. (1996). DiPietro and Liener (1989a) found for soy flours values (by weight) 
around 4, which became 1.5 on a molar basis. On the other hand, Johnson et al. (1980b) 
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reported that BBI only accounted for 9 to 17% of total TIA. These differences may be 
related to the lower soybeans to water ratio Johnson et al. (1980b) used in the preparation of 
soymilk. 
Commercial soy~nilk 
Two commercially available soymilks were analyzed for enzymatic activity and 
compared with the enzyme activity obtained with our soymilk. Neither LOX nor (3- 
glucosidase activities were detected. The contents of TIA and BBI were 31.6 and 16.3 
units/mg sample (dry basis) for one brand and 10.7 and 8.8 units/mg sample (db) for the 
other one, respectively. Compared to 126 TIA units/mg sample (db) and 49 BBI units/mg 
sample (db) obtained for our raw soymilk, these values represent on average 23 and 15% 
residual activities for TIA and BBI, respectively. 
Conclusion 
The heat stabilities in soymilk of LOX and (3-glucosidase appear to be reversed compared 
to their pressure stability. This observation further supports the belief that the mechanism of 
action of pressure on enzymes and proteins differs from that of heat. Moreover, the greater 
resistance to inactivation by pressure of (3-glucosidase compared to LOX is interesting. (3- 
glucosidase hydrolyzes the isoflavone (3-glucosides, including genistein. Genistein has been 
reported as the most potent inhibitor of cancer cell growth among soy isoflavones and to 
have antiproliferative effects on the growth of human breast carcinoma (Peterson and Barnes, 
1991). Therefore, while LOX inactivation is desirable in soy product due to the generation 
ofoff-flavors, retention of (3-glucosidase activity in soymilk may have positive effects. From 
this point of view, soymilk processed by HPP would be preferable compared to heated 
soymilk. 
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Although the BBI appears to have some health beneficial effects, TIA inactivation 
continues to be an objective in soy foods processing. Since pressure alone cannot inactivate 
the trypsin inhibitors, combined pressure-temperature processes will have to be designed in 
order to apply HPP to soy foods. Even if thermal treatment still need to be applied to 
decrease trypsin inhibitors activities when high-pressure treatment is applied, their 
inactivation can be obtained at lower temperatures or shorter treatment times than a 
conventional heat treatment. These milder conditions could help to retain the color and other 
quality characteristics of soymilk that can be negatively affected during conventional thermal 
processing. 
Effects of HPP and thermal treatment on soymilk properties 
In order to evaluate the effect of HPP on the aspect of soymilk, samples were pressurized 
from 100 to 700 MPa at 25 °C for 10 min and analyzed for pH, color, viscosity, and protein 
changes. A heated sample was prepared at 95°C for 10 min to compare with the pressure 
treatment. 
pH 
There were no significant differences in the pH values of soymilk after high pressure 
treatment (p > 0.05).. No changes were detected compared to the heated sample either. 
Colo 
Hunter L, a, and b values of raw (control), pressurized, and heated soymilks are shown in 
Table 6. The L value represents lightness and describes the light-reflecting or transmitting 
capacity of the sample; the larger the L. value, the lighter the sample. Positive b values reflect 
yellowness, while negative a values represent greenness. All samples showed L values 
above 77. The combination of b and a values indicates yellow color with a slight green tint. 
Color differences, or 0E, are also presented in Table 6. 
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Table 6. Hunter L, a, and b valuesa and color differences (DE) of raw, heated (95 °C, 10 
min), and pressurized soymilk (25 °C, 10 min) 
Treatment L a b DE 
Control 81.36 ~ 0.24 -2.50 ~ 0.25 10.44 ~ 0.84 
Heated 80.61 ~ 0.22 -2.17 ~ 0.25 8.65 ~ 0.02 3.03 ~ 1.02 
100 MPa 79.32 ~ 0.03 -2.64 ~ 0.14 9.91 ~ 0.19 2.59 ~ 0.40 
200 MPa 79.14 ~ 0.49 -2.71 ~ 0.14 8.89 ~ 0.27 2.90 ~ 0.11 
300 MPa 77.88 ~ 1.32 -2.27 ~ 0.03 7.77 ~ 0.88 3.59 ~ 0.86 
400 MPa 79.45 ~ 0.48 -2.27 ~ 0.06 8.03 ~ 0.44 3.30 ~ 0.17 
500 MPa 80.54 ~ 0.05 -2.18 ~ 0.04 7.68 ~ 0.40 3.42 ~ 0.50 
600 MPa 79.68 ~ 1.14 -2.27 ~ 0.15 7.75 ~ 0.99 2.68 ~ 0.58 
700 MPa 81.03 ~ 0.41 -2.45 ~ 0.03 8.34 ~ 0.53 2.43 ~ 0.28 
a Values represent mean ±standard error; n = 2. 
Neither the Hunter values nor the DE values showed statistically significant differences 
among treatments (p > 0.05). Differences between the heated soymilk and the control were 
not significant probably due to the short heating time, since it is known that heating causes 
browning due to the Maillard reaction, which extent depends on the severity of the treatment 
(Van Buren et al., 1964; Kwok et a1., 1999). This reaction is important because involves 
proteins and can affect the nutritional quality of soymilk. Van Buren et al. (1964) evaluated 
the Hunter L values to estimate the damage to proteins caused by heating soymilk at 93 and 
120°C. The L values decreased with heating time and were found to be highly correlated 
with the protein efficiency ratio. Johnson et al. (1981) reported a decrease in L value from 
77.1 to 73.0 after 60 min cooking at 99°C. Since the Maillard reaction requires heat to 
proceed, among other conditions, it is not expected that HPP alone will affect the color of 
soymilk through non-enzymatic browning (Hayashi, 1989; Tauscher, 1995). This 
assumption is confirmed with our results. 
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Viscosity 
All the soymilk samples were found to have aNewtonian-like behavior. Their n values 
or flow indexes, which indicate the closeness to Newtonian flow, were between 0.92 and 
0.97. For a Newtonian fluid n equals 1. Table 7 shows the apparent viscosities of the 
control, heated, and_ pressurized soymilks. All values are close to 1 mPa. s, which is the 
viscosity of water, a typical Newtonian fluid (Bourne, 2002). No significant differences were 
observed among the samples (p > 0.05). 
Table 7. Apparent viscosity of raw, heated, and pressurized soymilk 
Treatment Apparent Viscosity (mPa.$) 
Control 1.31 ~ O.00a
Heated 1.3 2 ~ 0.02 
100 MPa 1.34 ~ 0.02 
200 MPa 1.46 ~ 0.04 
300 MPa 1.22 ~ 0.01 
400 MPa 1.27 ~ 0.05 
500 MPa 1.3 5 ~ 0.08 
600 MPa 1.3 0 ~ 0.06 
700 MPa 1.40 ~ 0.10 
a Values represent mean ±standard error, n = 2. 
Zhang et al. (2005), however, reported increase in soymilk viscosity with increase in 
pressure after treatments for 10 min. They found the samples treated at pressures above 500 
MPa for 30 min to be transformed into a sot. Similarly, Kajiyama et al. (1995) observed sol 
formation after HPP treatment at 500 MPa for 30 min, but not at the same pressure for 10 
min. They reported the viscosity of the sol to increase by 150 times compared to the original 
soymilk and attributed these changes to the formation of disulfide bonds between sulfhydryl 
groups exposed due to the dissociation of protein subunits under pressure. No such .phase 
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changes were detected in our samples, which were pressurized for only 10 min and remained 
liquid after all pressure treatments. Our difference with Zhang et al. (2005) results might be 
related to the protein content of the samples. While they reported values of 4.4%, our 
samples had 3.3%protein. Kajiyama et al. (1995) samples had a protein content of 5%. It is 
known that the viscosity of protein solutions generally increases with protein concentration 
(Damodaran, 1997). Moreover, in the study of Kajiyama et al. (1995), soymilk was prepared 
with asoybean-to-water ratio of 1:5, whereas we used 1:10. The viscosity of the control 
sample of Zhang et al. (2005) was ~ 30 mPa.s, which is 23 times the value we obtained (1.31 
mPa.$). 
Effects of HPP on soymilk proteins 
Native and sodium dodecyl sulfate (SDS) polyacYylamide gel electYophoresis (PAGE) 
Changes in soymilk proteins were analyzed by SDS-PAGE in order to evaluate possible 
changes to the structural subunits with pressure. Figure 11 shows the electrophoretic patterns 
of soymilk before (control) and after pressurization. Neither disappearance of bands nor 
appearance of new bands was detected with pressurization, which suggested that the covalent 
structure of the subunits of the main storage proteins (3-conglycinin and glycinin were not 
affected by pressure. Kajiyama et al. (1995) also reported no difference in the chemical 
structure of the proteins among soymilk samples pressurized up to 500 MPa as analyzed by 
SDS-PAGE. Native electrophoresis is shown in Figure 12. Although the individual proteins 
could not be distinguished, a change in the native profile was observed after treatments at > 
300 MPa. At this pressure, the intensity of the bands began to decrease gradually, with 
almost complete disappearance of the bottom one at 700 MPa. Staining can be observed at 
the top of the wells, indicating that unfolding and/or aggregation of the proteins occurred at 
pressures > 300 MPa. HPP can have caused dissociation of subunits that interacted to form 
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Figure 11. SDS-PAGE of defatted freeze-dried soymilk samples pressurized from 100 to 
700 MPa for 10 min. Gel concentration: 13 % acrylamide. 
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Figure 12. Polyacrylamide gel electrophoresis under non denaturing conditions of defatted 
freeze-dried soymilk samples pressurized from 100 to 700 MPa for 10 min. Gel 
concentration: 8% acrylamide. 
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aggregates, which were probably ,soluble since the samples were centrifuged before loading 
into the gel. The intensity of the wells bands, however, decreased with increasing pressure. 
This observation and the absence of color at the bottom of the gels suggested that the 
aggregates became insoluble at the most elevated pressures, and therefore were separated 
during centrifugation. The lack of bands at the bottom suggested that no lower molecular 
weight compounds were generated. At the lowest pressures (100-200 MPa), the slightly 
higher intensity of the bands at the top of the gel indicated that some proteins may have 
aggregated during treatment, forming soluble aggregates that were able to enter the 
resolution gel. These results, however, must be carefully interpreted as the solubility of the 
proteins might have changed with pressure and, therefore, modifications in the native profile 
might have been due to changes in the amount of protein loaded in the gels. Further 
investigation should be done to clarify the effects of HPP on the native profile of soymilk 
proteins. 
Differential scanning calo~imet~y (DSC) 
DSC was used to evaluate the effects of HPP on the native state of proteins. 
Pressurization affected the native state of both ~-conglycinin and glycinin (Figure 13). A 
signi~ cant decrease in the denaturation enthalpy of ~i-conglycinin occurred at > 200 MPa, 
indicating that the protein was denatured by pressure. Glycinin, however, showed a dramatic 
decrease starting at 3 00 MPa. Complete denaturation of both proteins occurred when 
soymilk was pressurized at ? 500 MPa. These results suggest that pressure denaturation of 
~i-conglycinin and ,glycinin in soymilk begins at different levels of pressure, ~3-conglycinin 
being more pressure sensitive than glycinin. Similar findings were reported by Zhang et al. 
(2005), but they found denaturation pressures of 300 and 400 MPa for (3-conglycinin and 
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Figure 13. Denaturation enthalpies of (3-conglycinin and glycinin in 10% dispersions of 
defatted freeze-dried soymilk at pH 7.0. Denaturation enthalpies within each protein with 
different letters were significantly different (p _< 0.05). Error bars represent ± standard error; 
n=2. 
There are many differences between the two globulins, such as molecular weight, amino acid 
compositions, isoelectric points. However, it maybe the difference in sulfhydryl groups and 
disulfide bonds content that is critical in explaining their different pressure stability. j3-
conglycinin has been reported to have no cysteine residues; glycinin, however, has been 
suggested to have 2 free sulfhydryl groups per subunit with a disulfide bridge linking the 
acidic and basic polypeptides of each subunit (Utsumi et al., 1997). 
Conclusion 
Based on the results obtained for soymilk properties, it might be possible to utilize HPP 
in soymilk processing. Color and viscosity do not appear to be significantly affected by 
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pressure when soymilk is prepared in the conditions used in this study. However, more 
interesting are the changes observed in the protein fractions. soymilk is the intermediate in 
the production of tofu. Heat is generally used to coagulate soymilk proteins to obtain tofu, 
but it can lead to the destruction of amino acids and vitamins, browning, and development of 
cooked.. flavor. Since our results show that HPP can modify -the native structure of soy 
proteins, it could be used as an alternative to the thermal step in tofu manufacture. 
Nevertheless, more extensive characterization of the changes suffered by glycinin and ~3- 
conglycinin under pressure and investigation of how these changes affect protein 
functionality are required before HPP could be used in soymilk or tofu processing. 
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Study III: Pressure effects on soy isoflavone profile and extractability 
The concentration of the 12 soybean isoflavones varies in soy foods depending on the 
type of processing applied (Wang and Murphy, 1996; Coward et al., 1998). However, no 
.data is currently available about the effects of HPP on soy isoflavones. In order to reduce 
their loss or increase their presence in soy products, optimizing processing conditions would 
be necessary. Therefore, .the aim of this study was to investigate the impact of the level of 
pressure on the content, distribution, and extractability of isoflavones in soymilk. 
Isoflavone content and distribution of pressurized soymilk 
In this experiment, soybeans were processed into soymilk that was heated at 95°C for 15 
min to ensure complete inactivation of the ~-glucosidases, which can modify the isoflavone 
profile (Matsuura et al., 1989). This soymilk was later subjected to HPP treatments from 400 
to 750 MPa at 25°C (room temperature) and 75°C during 10 min. The highest temperature 
was selected because previous studies in our laboratory showed that a temperature of 75 °C 
was effective in inactivating the trypsin inhibitors in soymilk when combined with elevated 
pressures. 
The isoflavone content and distribution of the samples is presented in Table 8. The 
control soymilk at atmospheric pressure (0.1 MPa) and 25°C showed no difference in the 
total isoflavone concentration (5.05 µmol/g of sample, dry basis) compared to that found in 
soybeans (4.81 µmol/g sample, dry basis; p > 0.05). The total isoflavone recovery, however, 
was 67% (Table 9), suggesting that there were some isoflavone losses in the insoluble 
fraction, okara, as only small amounts (~ 1 %) are expected to be lost in the .soaking water 
(Wang and Murphy, 1996). Jackson et a1. (2002) observed a recovery in soymilk of only 
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Table 9. Yield, moisture, and isoflavone contents in soybeans and soymilk a,b 
Total Total Total 
daidzein genistein glycitein Total (µmol) 
Sample Yield (g) Moisture (%) (µmol) (µmol) (µmol) 
Soybeans ~ 200 ~ 0.04 10.51 ~ 0.07 437 ~ 8.0 358 ~ 9.7 65 ~ 0.6 860 ~ 18.3 
Soymilk d 1759 ~ 8.50 93.48 ~ 0.26 272 ~ 10.0 _257 ~ 8.2 45 ~ 1.9 574 ~ 20.0 
a Calculated on dry basis. 
b Total content of the individual isomers of each isoflavone, daidzein, genistein, and 
glycitein, were normalized for their molecular weight differences. 
Values represent the mean ~ standard deviation; n=2. 
d Data from two replications. Values represent the mean ~ standard error. 
partitioned into the okara. Wang and Murphy (1996), however, reported no significant losses 
of isoflavones in the pilot-plant scale production of soymilk. The reason of this discrepancy 
might be attributed to the preparation procedure. If smaller particles are obtained during 
grinding, the isoflavone extraction will be greater. Whereas Wang and Murphy (1996) used 
a double grinding process, in our experiment soybeans were ground once in a laboratory 
blender at low speed. Also the method used to get the soymilk out of the okara can lead to 
different recoveries. The soymilk prepared by Wang and Murphy (1996) and the one used in 
our study were squeezed manually, while Jackson et al. (2002) used centrifugation, which 
might have not separated similarly the soymilk from the okara. 
The prevalence of isomers for soybeans, as well as for the control soymilks (0.1 MPa, 25 
and 75°C), was the same as that reported by Wang and Murphy (1994b): malonylglucosides 
> (3-glucosides > aglucons > acetylglucosides (Table 8), the later being present in such low 
amounts that can be considered as negligible. The daidzein and genistein total forms were 5- 
to 6-fold more abundant than the glycitein ones. However, in soymilk as compared to 
soybeans, the distribution of the individual isoflavones was shifted towards the 7-0-(3- 
glucoside and aglucon forms at expenses of a decrease of 20-30% in the malonylglucosides 
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content. These results are in agreement with those reported by Wang and Murphy (1996) and 
Jackson et al. (2002). All the isomers of the 3 aglycons (daidzein, genistein, and glycitein) 
were transformed in a similar manner in soymilk, but while the glucosides daidzin and 
genistin approximately doubled their concentrations in soybeans, glycitin showed only a 17% 
increase. Kao et al. (2004) also reported that the isomers of the genistein and daidzein 
families were the most susceptible to formation during soaking. For the total aglucons, b-
and 8-fold increases were observed for daidzein and genistein, respectively. Some glycitein 
and acetylgenistin were generated also during processing of soybeans into soymilk. 
The sum of all the changes in the soymilk isoflavone profile compared to that of 
soybeans can be attributed to the action of the soybean's native ~3-glucosidases before the 
application of heat: and to the heating step itself. ~3-Glucosidases were confirmed to be 
responsible for the production of aglucons during the soaking of soybeans by the addition of 
the competitive inhibitor glucono-~-lactone to the soaking water (Matsuura et al., 1989). 
Matsuura and Obata (1993) demonstrated that a temperature of 80°C applied for S min at pH 
S . 5 was sufficient to inactivate purified solutions of ~-glucosidases, since no change in the 
isoflavone distribution was observed when the heat treated ~3-glucosidases were added to 
sterilized soymilk. Thus, the thermal treatment applied to soymilk in our experiment must 
have been enough to prevent further hydrolysis of the isoflavone 7-0-~3-glucosides due to the 
action of R-glucosidases. In addition, heating has certainly contributed to the change in 
isoflavone profile. Heating of soymilk causes conversion of the 6"-O-malonyl isoforms 
mainly- to the corresponding j3-glucosides (Murphy et al., 2002). More abusive conditions, 
such as toasting and extrusion, are necessary for conversion of glucosides to acetylglucosides 
(Farmakalidis and Murphy, 1985; Mahungu et al., 1999). However, little production of the 
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acetyl forms occurs. during soymilk processing due to decarboxylation of malonyl 
compounds with heat (Coward et al., 1998; Murphy et al., 2002). 
The additional preheating step at 75°C for 10 min did not further alter the content of the 
different isoflavone forms of the control as compared to the control at 25°C (p > 0.05). This 
observation is in agreement with the kinetic data presented by Murphy et al. (2002), which 
shows that prolonged treatment. times (> 30 min) at 80°C are required to observe clear 
changes in the isoflavone profile of soymilk. 
High pressure treatment of soymilk at either 25 or 75°C did not influence the total 
isoflavone content (p > 0.05; Table 8); the amounts obtained for pressurized samples were 
similar to the controls (0.1 MPa). This result was expected as HPP is not supposed to modify 
the covalent structure of biological compounds (Hayashi, 1989). In addition, since the 
pressure treatment was applied on soymilk, there was no possibility of extractability 
differences due to pressure induced structural changes in soybeans. The distribution of 
isoforms in soymilk. was not modified when pressures between 400 and 750 MPa were 
applied at 25 °C (p > 0.05). when pressure was applied at 75 °C, however, the isoflavone 
profile was significantly affected (p <_ 0.05; Table 8). Since no .modifications in the contents 
of either 6"-O-acetylglucosides or aglucons were observed, the three 6"-O-malonyl 
compounds, whose concentrations decreased with increasing pressure, must have been 
converted to their corresponding 7-O-~i-glucosides, which increased with pressure (Figure 
14). Daidzin and genistin contents showed greater variation than glycitin. Whereas 
treatment at 400 MPa converted ~ 0.25 µmol/g of 6"-O-malonyldaidzin and 6"-O- 
malonylgenistin into their corresponding glucosides, only 0.04 µmol/g of 6"-O- 
malonylglycitin were converted to glycitin. At 75 0 MPa, daidzin and genistin increased both 






















0.1 MPa 400 MPa 500 MPa 600 MPa 700 MPa 750 MPa 
Figure 14. Effect of high pressure treatment at 75°C on the isoflavones distribution in 
soymilk. 0.1 MPa: control at atmospheric pressure; Din: daidzin; MDin: malonyldaidzin; 
Actin: acetyldaidzin; Gin: genistin; MGin: malonylgenistin; Actin: acetylgenistin; Glin: 
glycitin; MGlin: malonylglycitin; AcGlin: acetylglicitin. Error bars represent ±standard 
error; n = 2. 
all pressures studied, the 6"-O-malonyl-~3-glucosides were converted into the corresponding 
7-O-~-glucosides in an approximate equimolar relationship. For example, while 0.68 µmol/g 
of 6"-O-malonyldaidzin were lost at 700 MPa, 0.66 µmol/g of daidzin were formed. The 
extent of conversion was directly proportional to the increase in pressure, suggesting that 
pressure and temperature had a synergistic effect on the isoflavone distribution in soymilk. 
Processing temperatures used in these experiments (i.e. 25 and 75°C) were not likely to 
change the. concentrations of the isoflavones (Xu et al., 2002). However, the change in 
isoflavone profile with increase in pressure can be related to the concomitant increase in 
temperature due to adiabatic heating. This adiabatic increase in temperature is the result of 
compression heating and depends on the nature of the product, the initial product 
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temperature, and the pressure level (de Heij et al., 2003). In these experiments, temperature 
was measured in the emulsion used as the pressurization fluid, but, as verified previously, 
soymilk had a similar temperature profile. When pressure was applied at either 25 or 75 °C, 
the increases in temperature due to adiabatic heat were 9.4 and 14°C for 400 and 750 MPa, 
respectively (Figure 15). A temperature decrease of similar .magnitude (~ 10°C) occurred 
during the holding time (10 min) due to heat transfer among sample, surrounding 
pressurization fluid, and vessel's wall. Further decrease in temperature took place during 
depressurization leading to a final soymilk temperature lower than its initial value. 
Consequently, when HPP was applied at 25 °C, the maximum temperature reached in the 
soymilk was 3 8°C, which did not alter the isoflavone profile. However, when treatment was 
conducted at 75 °C, the temperature gradually increased with increase in pressure, reaching 
values as high as 93 °C at 750 MPa (Table 10). Therefore, the changes in isoflavone 
distribution observed for pressurized soymilk at 75°C can be ascribed to the adiabatic 
heating. The interaction between pressure and temperature was shown to have a significant 
effect (p <_ 0.05). 
Some studies have suggested that the thermal degradation of isoflavones follows a first 
order kinetic reaction (Eisen et al., 2003; Ungar et al., 2003). It has also been reported that 
genistein derivatives are more thermostable than daidzein isomers. The mechanism by which 
aglucons are degraded seems to involve the participation in Maillard-type reactions (Davies 
et al., 1998). Our study clearly showed that neither loss of isoflavones nor change in 
isoflavone distribution occurs during HPP treatment at 25°C, even at pressures as high as 750 
MPa. However, there seems to be a synergistic effect between pressure and temperature 
(75°C) on the isoflavone profile, which was denoted by the conversion of 6"-O- 
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Figure 15. Increase in soymilk temperature due to adiabatic heating during HPP treatment at 
750 MPa for 10 min at processing temperatures of 25°C and 75°C. 
Table 10. Adiabatic temperature increase (°C) in soymilk during high pressure processing 
Pressure (MPa) 400 500 600 700 750 
Temperature increase (°C) 9.4 ± 1.Oa 11.1 ± 2.'7 13.1 ± 2.6 14.5 ± 2,2 14.1 ± 2.'7 
Standard deviation; n = 2. 
explained by the increase in temperature that occurs during pressurization due to adiabatic 
heating, as it was previously reported to occur under mild heat conditions. 
Isoflavone content and distribution of soymilk prepared from pressurized soybeans 
The aim of this experiment was to investigate the impact of HPP on soy Isoflavone 
content and profile of soymilk prepared from pressurized soybeans. For this purpose, soaked 
soybeans were packed with water (1: 8 unsoaked soybeans-to-water ratio) and subjected to 
pressure levels from 100 to 700 MPa at 25°C for 10 min before .soymilk preparation. 
Because some soybean components, including isoflavones, could have been released into the 
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soaking water during HPP treatment, the pressurized water was used to prepare the soymilk. 
There was no apparent alteration in shape, size, or color between the pressurized and non-
pressurized soybean seeds. However, treatment at ? 3 00 MPa affected the consistency of the 
okara, which became pastier to touch. 
The mass content of isoflavones in soymilk prepared from pressurized beans is presented 
in Table 11. The recovery of isoflavones for the control sample (soymilk from non-
pressurized soybeans; 0.1 MPa) was 79%, with only 95 of the 120 µmoles originally present 
in the starting material recovered in the soymilk. In the previous experiment, the total 
recovery value was smaller (67%) due to a Lower solid content, which was probably the result 
of the particles becoming stuck to the extractor's wall during heating. HPP treatment of 
soybeans did not cause significant changes in the recovery of total isoflavones in soymilk (p 
> 0.05), suggesting that the total extractability of isoflavones was not modified by pressure. 
The total daidzein and total glycitein recoveries, however, showed a decrease after treatment 
at 3 00 MPa. 
The total concentration of isoflavones (expressed as µmol/g of freeze-dried sample in dry 
basis) and the distribution of isomers in the control were similar to those obtained for raw 
soybeans (see Table 8, Figures 16 and 17, Table 12). As shown in Table 12, only relatively 
small amounts of the aglucons daidzein (0.16 µmol/g), genistein (0.12 µmol/g), and glycitein 
(0.05 µmol/g) were generated due most likely to the hydrolyzing activity of ~-glucosidases 
on the ~i-glucosidic isoflavonoids during the soaking of soybeans (Matsuura and Obata, 
1993 ). In this ,experiment, unlike in the previous one, soymilk was not subjected to any 
heating step. As a consequence, (3-glucosidases were not inactivated, which. might have 
further influenced the isoflavone profile. However, samples were frozen immediately after 
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0.1 MPa 100 MPa 200 MPa 300 MPa 400 MPa 500 MPa 600 MPa 700 MPa 
Figure 16.. Effect of the level of pressure on the total content of isoflavones in soymilk 
prepared from pressurized soybeans. Error bars represent ± standard error: ~~ Values with 
different letters were significantly different ~ <_ 0.05). 















0.1 MPa 100 MPa 200 MPa 300 MPa 400 MPa 500 MPa 600 MPa 700 MPa 
Figure 17. Effect of the level of pressure on the total content of the isomers of each aglucon 
in soymilk prepared from pressurized soybeans. Error bars represent ± standard error. Dein: 
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glucosidases had time to modify the isoflavone distribution after soymilk preparation, a 
soymilk was obtained by grinding the soybeans with boiling water. The comparison of the 
isoflavone profile of this "boiled" soymilk to the control soymilk showed no significant 
difference (p > 0.05; data not shown), suggesting that j3-glucosidases did not alter the 
isoflavone profile of the non-thermally treated control. It can, therefore, be assumed that 
changes in the isoflavone distribution after HPP treatment were due only to the effect of 
pressure. 
Analysis of variance (ANOVA) to evaluate the effect of the level of pressure on the total 
isoflavone concentration (µmol/g, dry basis) of the final soymilk revealed significant changes 
(Figures 16 and 17). Although the modifications in the total content of the isomers of the 
genistein family were not statistically significant, they followed the same trend observed for 
the totals of the daidzein and glycitein families' isoforms. A decrease in the content of these 
isoflavones was observed at 200 and 3 00 MPa, which coincided with the recovery data 
presented in Table 1 1. Further increasing the pressure from 400 to 700 MPa. showed an 
opposite effect. The soymilk obtained from soybeans pressurized at 700 MPa contained, 
indeed, 6.06 µmol/g of total isoflavones compared to 5.08 µmol/g for the control prepared 
from non-pressurized soybeans. This difference represented an increase of 19% in the total 
amount of isoflavones. 
The pattern described above is the result of the changes observed in the contents of 7-0- 
~3-glucosides and 6"-O-malonylglucosides, which accounted for more than 90% of the total 
concentration of each aglucon family (Table 12). No modification in the distribution of these 
isoforms was detected at 100 MPa compared to the control. Whereas the malonyl 
compounds decreased by 11-25% at 200 and 3 00 MPa, the ~3-glucosides showed a decrease 
between 7 and 15%, with 6"-O-malonylgenistin and genistin being the most stable 
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compounds. At 700 MPa, however, the proportion of increase in the concentrations of ~i- 
glucosides (3 5-43 %) was higher than that observed for the 6"-O-malonylglucosides (10-
34%). On the other hand, none of the pressure treatments increased the aglycons content in 
the final soymilk (Table 12). In contrast, pressures > S00 MPa caused a depletion in 
aglycons concentration. Compared to the control, only 55% of the amounts of daidzein and 
genistein were present after treatment at 700 MPa, while no glycitein was detected at this 
pressure. Acetylgenistin was the only acetyl form detected in the samples and no significant 
effect of pressure on its content was observed at any of the pressure levels applied (p > 0.05). 
Extractability of other components 
Additional information on the effect of pressure on the extractability of other soybean 
constituents and soymilk characteristics is presented below. Table 13 shows the percentage 
of solids in the final soymilk and the yield of solids in the okara, as well as the protein 
content of the freeze-dried soymilk samples. 
When the pressure level was > 500 MPa, the solid content of the soymilk decreased and 
was S% lower than the control at 700 MPa. On the other hand, the solid yield in the okara 
increased for pressures ? 3 00 MPa. Some of this increase in the okara can be attributed to a 
gradual decrease in the soymilk protein content starting at 400 MPa. At 700 MPa, this 
decrease reached 8%. Therefore, it can be concluded that, from 400 MPa, pressurization of 
soybeans significantly decreased the soymilk content of proteins and total solids, which 
stayed in the insoluble fraction. These results may explain why the total concentration of 
isoflavones in the samples, which was expressed per gram of soymilk solids, increased at the 
highest pressure levels (Figure 16) while there was no significant increase in extractability, as 
shown by the data in Table 11. 
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Table 13. Effect of pressure level on solid and protein contents and okara yield of soymilk 
prepared firom pressurized soybeans a 
Treatment Solid content (%) 

































a Data from two replications. Values in the same column with different letters were 
significantly different (p 5 0.05). 
b Dry basis weight of solids in the okara divided by the dry basis weight of soybeans and 
expressed as percentage. 
Protein content of the freeze-dried material. 
Isoflavones are poorly soluble or insoluble in water; their transfer into the soymilk must 
be due either to mass action .effect or to their association with solubilized proteins (Rickert et 
al., 2004). Limited available literature suggests that Isoflavones are linked to proteins, 
probably through hydrophobic, hydrogen, or ionic interactions (Wang and Murphy, 1996; 
Shimoyamada et al., 1998; Jackson et al., 2002). Consequently, the decrease in protein 
concentration at the highest pressure levels may be related to the observed decrease in the 
aglucons concentrations. 
To better understand the potential interaction between Isoflavones and proteins in 
soybeans under pressure, additional analyses were performed on-the structure of proteins in 
soymilk obtained after HPP treatment of soaked soybeans. Differential scanning calorimetry 
(DSC) results (Figure 18) showed that pressure affected the native state of both ~- 
conglycinin and glycinin. A dramatic decrease in extracted ~3-conglycinin native structure 
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0.1 MPa 100 MPa 200 MPa 300 MPa 400 MPa 500 MPa 600 MPa 700 MPa 
Figure 18. Denaturation enthalpies of (3-conglycinin and glycinin in 10% dispersions at pH 
7.0 of defatted freeze-dried soymilk prepared from pressurized soybeans. Denaturation 
enthalpies within each protein with different letters were significantly different (p <_ 0.05). 
Error bars represent ±standard error; n = 2. 
the denaturation enthalpy of extracted glycinin occurred with complete denaturation at 600 
MPa. The proteins extracted after treatment of soybeans at 600 and 700 MPa were totally 
denatured. Whereas no native state changes were observed for pressures < 300 MPa, these 
pressure levels might have induced unfolding/aggregation of ~i-conglycinin and glycinin. 
Native electrophoresis was performed to verify changes in protein structure and potential 
aggregation (Figure 19). The intensity of the bands decreased gradually from 300 MPa and 
almost disappeared at 700 MPa. Since neither new bands were generated nor staining was 
detected at the top of the wells at elevated pressures (400-700 MPa), either no aggregation of 
the proteins occurred or insoluble compounds were formed that were separated during 
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Figure 19. Polyacrylamide gel electrophoresis under non denaturing conditions of defatted 
freeze-dried soymilk samples prepared from pressurized soybeans. Gel concentration: 6% 
acrylamide. Boil: control prepared with boiling water at atmospheric pressure (0.1 MPa). 
centrifugation of the samples before loading into the gels. At lower pressures (~ 200 MPa), 
there might have been some protein unfolding/aggregation as the intensity of the bands at the 
top of the resolution gel was more pronounced. The color intensity of the band at the bottom 
of the gel seemed to increase at the highest levels of pressure, indicating that molecules of 
smaller molecular weight were generated (Kajiyama et al., 1995). However, these results 
must be carefully interpreted as the solubility of the extracted proteins might have changed 
with pressure and, therefore, modifications in the native profile might have been due to 
changes in the amount of protein loaded into the gels. 
It has been shown that when the native state of proteins is lost due to protein unfolding, 
more hydrophobic areas are exposed to interact with the isof7avones (Mozhaev et al., 1996; 
Puppo et al., 2004; Rickert et al., 2004). The hydrophobicity of the isoflavone forms is 
aglucon > 6"-O-acetyl-~3-glucoside > 6"-O-malonyl-~-glucosides > ~-glucosides (Murphy et 
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a1., 2002). Rickert et al. (2004) observed that during soy protein fractionation the most 
hydrophobic aglucons were present in greater concentration in the (3-COnglyClnln fractlon 
than in the intermediate fraction, which contained mainly denatured proteins. whereas 
interaction_ between proteins and isoflavones has been suggested to influence the isoflavones 
fate during processing, there is still a lack of understanding on the impact of protein 
characteristics on isoflavone extractability. In our study, it appears that as the proportion of 
native soy proteins decreased, the content of the most hydrophobic isoflavone forms, the 
aglucons, also decreased, while the 6"-O-malonyl-(3-glucosides and ~3-glucosides increased. 
Because we previously reported that isoflavones were not degraded when HPP treatment was 
performed at 25 °C, it is unlikely that the aglucons decrease was due. to degradation by 
pressure. At lower levels (200-3 00 MPa), other mechanisms are probably involved. The ~3-
glucosides and 6"-O-malonylglucosides concentrations decreased, whereas no protein 
denaturation was observed at these pressures. Unfolding and rearrangements of proteins 
might occur and therefore a modified physicochemical environment might be obtained. No 
changes were detected for the aglucons concentrations at these lower pressures. 
Total sugar and lipid contents were also measured on the freeze-dried soymilk samples. 
while no significant changes were detected in the levels of sugars (data not shown), the 
content of lipids increased gradually with increase in pressure (Figure 20). At 700 MPa, 
soymilk prepared with pressurized soybeans doubled its lipid content. These results were not 
expected, since investigations in our laboratory have shown a decrease in oil extractability 
from soy flakes with increasing pressure. Omi et al. (1996) observed by scanning electron 
microscopy (SEM) that a 3 00 MPa treatment of soybeans in water caused considerable 
changes in the structure of the cotyledon surface and epidermal cells, which might be 
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Figure 20. Lipid content of freeze-dried soymilk samples prepared form pressurized 
soybeans. Error bars represent ±standard error. Values with different letters were 
significantly different (p _< 0.05). 
higher pressures will cause greater disruption of the soybean structure, even in the center of 
the cotyledon, where the lipid bodies are found. This would allow lipids to be easily 
available upon grinding of the soybeans during soymilk processing, increasing their presence 
in the final product. 
Conclusion 
It is now commonly accepted that HPP does not modify the covalent bonds of food 
components. Therefore, molecules such as vitamins and isoflavones should not be altered by 
pressure. Studies reporting the impact of HPP on food vitamins, however, have shown some 
susceptibility of certain vitamins to pressure (Sancho et al., 1999) and, therefore, justify our 
investigation on the effects of high pressure on isoflavones, which are not found in the 
literature. Our study clearly shows that pressure alone does not affect the isoflavone content 
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of pressurized soymilk, but the isoflavone profile can be significantly modified due to the 
adiabatic heating occurring during pressurization. Moreover, modifications in the isoflavone 
profile can be achieved by the application of pressure to soybeans prior to soymilk 
preparation. These changes in the isoflavones distribution might have an impact on the 
flavor of .soy products. 
In addition, HPP can produce soymilk with improved nutritional and quality 
characteristics compared to thermally processed soymilk. Nevertheless, there is still a need 
for data about the kinetics of the changes occurred in pressurized foods. In this context, it 
wi11 be interesting to study how the isoflavone profile of ,soymilk changes with storage after 
pressurization. 
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CHAPTER 4. GENERAL CONCLUSION 
In the first study, a comparison between heat and pressure treatments showed that the 
purified trypsin inhibitors, considered as heat stable compounds, were also stable to pressure. 
While- both thermal and high pressure treatments could inactivate lipoxygenase and ~- 
gucosidase at room temperature, combined pressure-temperature treatments were necessary 
to inactivate the inhibitors. However, in the conditions tested, high pressure processing 
(HPP) resulted in inactivation of the trypsin inhibitors at lower temperatures and shorter 
times than conventional thermal inactivation. The differences in thermal and pressure 
stability of the enzymes and inhibitors could be explained by their different chemical 
structures. ~3-Glucosidase was less stable to pressure, but more stable to temperature 
inactivation than lipoxygenase, suggesting that the mechanisms of action of pressure and 
temperature on enzymes are not equivalent. These observations provide the foundation for 
future research. Now that we have determined conditions of HPP treatment leading to 
decrease in enzyme activity, the determination of protein changes by native electrophoresis, 
differential scanning calorimetry, and circular dichroism will provide more information 
regarding the mode of action of pressure on biological compounds. 
In the second study, comparison of pressurization and thermal treatment of soymilk 
revealed the importance of the environmental factors in enzyme activity changes and the 
influence of the enzyme source. ~-Glucosidase was more pressure stable than lipoxygenase 
in soymilk, which opposed the observation made with purified enzymes. The results 
obtained with trypsin inhibitors after pressure treatment of soymilk at room temperature 
suggest the necessity for further studies, probably with longer treatment times, in order to 
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verify the possibility of activation. As observed in this study, loss of activity can differ 
depending on the protein structure, .level of pressure, temperature and length of processing. 
These results show that even though the studies on purified enzymes are suitable to 
obtain an indication about the changes in activity, for application of processes in a real food 
,system additional experiments are needed. 
Color and viscosity of soymilk were not significantly affected by pressure in this study. 
However, pressure did cause significant changes to the proteins native state. Denaturation of 
proteins by pressure is a complex phenomenon and depends on the protein structure, pressure 
range, temperature, and pH. Therefore, the protein structural changes due to pressurization 
are an interesting, topic for further research since proteins are largely responsible for the 
functional properties of soy foods. 
From the last study, it is concluded that pressure alone does not modify the structure of 
isoflavones in soymilk, but the isoflavone profile can be significantly modified due to the 
adiabatic heating occurring during pressurization or by the application of pressure to 
soybeans prior to soymilk preparation. 
Based on these results, the application of pressure may be an alternative in the processing 
of soymilk. But in order to obtain maximum nutritional quality, pressure will have to be 
applied in combination with other techniques, such as mild heating. This could possibly 
contribute to a better conservation of other components in soy milk such as vitamins, amino 
acids, and taste. However, microbiological analyses will have to be performed to verify if 
the safety of the pressurized soymilk is adequate to compete with the heat treated product. 
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